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A state in power transmission has reachea in India 
when the pres'=atly plann-^d and installed 400 kV system will 
be inadequate to handle the needs alter 1990 • Powers r^xi- 
gina: froai 3000 MW to 20,000 MW must be transmitted from giant 
power pools {both hydro and thermal) to load centres 500 to 
1500 Em away. The future needs in choice of extra high 
■voltage ( ac and d(?) is the most difficult decision for Indian 
power engineers. Thus, the profession of power tratismiss ion 
is going through a very oxcifcing period. With this in vi^'W, 
the Electrical Engineering Department of the I.I.T. Kanpur 
has organized this Short-Term In-Service Training Programme 
Course on Problems of BH7 Transmission Including Trans ients . 

Tho subject matter is restricted to transmission only and not 
to interconnect ion of e.h.v. lines into a network. Thus it 
refers to the next higher lev.l of voltage that will overlay 
the- existing 220 kY and 400 kY network of lines. The problems 
that need appreciation and solution aro related to high-voltago 
ph''nomena such as switching oyorvolt.ag'^s , lightning overvoltages, 
radio noise, audible noiG€5, ole’ctro static fi'ld, shunt '^nd 
•series compensation, prot-~ctjon using digital methods and 
fault-sensing by travelling waves, charact^'i''ist ics of long air- 
gap flashovor, and m-^ny allied topics. Siroulo.tion of dc trans- 
mission systems for transient p'^rf ormenic© is alvso covered. 

With voltagf'-s on tho incro'so, sub-stations are becoming Vv'^ry 
large and electromagnet jc interf brenco to moesuring, protc'CGi,in 
and s ignal (communication) circuits usitig conv'intional co-axial 
cables is becoming a serious enough problem t^ 'replace th'm 
with optical fibre- cabl<'’p . Many measurement and' control o,sp:ct3 
art- now being taken over by drdicatrd microprocessors. Aii 
effort has bf-en made to iaduao those t'w'o topics in th- lecture 
series. Static Yarr systems and high phase order hav ■ also 
been touched upon as future developments indicat:'. that they 
might find use in India. 



A volame such ss this is the result of the combjned 
efforts of many individuals. The coordinators wish to acknow- 
ledge with gratitude the ■ h'^'lp of Professors who spared their 
valuable time and effort to place not~s at our disposal r-ndily 
The staff of the High Voltage laboratory did all tli. chor a 
required in putting this volume together* Without thoir 
efforts, wo would have bcf-n seriously handicapp d. Wo .acknow- 
ledge- our thanks to Sri G-horf po,do and Sri R''.m Authr. Sri 
Yogendra Chandra did al.1 the t 3 rping, ( som'-^t imes vnry difficult 
equations). Any error' in th'^ final editing is ■sol.-ly tV 
responsibility of the coordinators. Th’ duplic'ting section 
of the BB Department and the Graphic Arts soction of th' 1*3. T. 
deserve our thanks for their cooperation. 

¥0 thank the Principal Coordinator, QIP, TIT, and the 
high''r authorities of the I.I.T., for thc'ir keen int'^rc^'t and 
continued oncouragemsut . Th>^' Hoad of thf EB .Department, I.I.T. 

des-erves our thanks for his part in making this course possible 
¥c finally thank tho C 4 IP part ic ip-^nts and from th'' pow<-'r 
industry who have given us encourag'’'m''-nt by thoir keen interest 
and pros once. ; 
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CAICULATION Ai'D I'ffiASUESMBi^! T OF SI FROM HOT-VOLIAOS 
AO & DC IRAilSMISSIpiM LMS Ai'iD STAIMS 

Notes on. this topic are prf’pared from the Worlcshoppapers 
presented by Dr. P. Sarmh Maruvada’of iTE^d, Caa.ada for 'Gonfer<=nee 
and Workshop on SHV feciinology August 1984, Bangalore. 

niTRODDCTION 

During norronl op€ ro.t ion, high-voltage transmission system'^! 
produce electromagnetic hi bf'rf eroncc ov'''r a wid'" range of fr&qucn- 
ci-'s. ThiwS in h' rf : rencc gen roily has its gr>-a,t--st impact on 
broadcast r.adio ro<3'''ption (0- .535 MHz - 1 .605 I'®s) and is commonly 
design -^t d as radio int ‘"'rf erenca (fil) • It may also hav. n.n appr^^- 
oiabl' impact on broadcasttelc vis ion reception (54 MHZ'~21 SMHz) , in 
which case it is referred to as television hiteref c-rr nee (TYI), 
but from a practical point of view it is RI which is i^hc more 
important factor to be taken ixito account in th~; design of high- 
voltage transmission linas and stations. 

G-. ~ n~ rat ion of RI 

The miin sourc s of RI on trsiimission lin-'s and in st'i.bions 
are corou® and gap-type discharges which occur on cchducto es , 
hardware and insulators. Sucb discharges occui’ G-xt''rmlly, \* 7 h''^re 
air is th' dicl-'ctric nv alum, iub hit^'raal discharges can also b-"'- 
product 'd inside thr dielectric ma,t‘'X‘'ials us^'d in sbation equip- 
ment such 'G ta’ansfcrri-! ra, circuit bi-i'li rs, etc. 

Corona discharg: s occur in rc-gjons of high electric fi'ld 
surrounding transmission lirn". cenductors, statiens busbars .and th.' 
associ'''t.''d herdwaT'o. They arc- du*" to accel ration of 'elsotrons in 
th"' high electric field and the- r'sult hng f!umul''tivc ionizR.tiou 
ana partial br'^-ckdown of -^ir. ThC' tiature or ’mode’ oi carou- dis- 
charge occurhig near a conductor depr^icLs to a larg ' extent on the 
shape of the cunductor and the polarity of the vjltagc 'appli; d to 

it ( 'nc gat ivo ’ or ’positive corona modes). Irrespective of thr, 
conductor pol.arity, eoron.a -mo.d.'S m.ay be furth'-r cl'^ssif i'''d on ths 
basis of temporal variations' in. th-' discharge procos.s as well as 
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ill th; currents induc'd iri tlir c'-nductor: glow ccronos, iii which 
the vnri«,tions are very slow or even nonoxistent, and pulsativc 
coronas, in which the vario,tj,'as ar'' vc-ry, rapid. Oiily pulsativc 
coroms (of either polTrity) can give -i^isc' tn RI. 


Rogitivc pulsativc corona, g ncrrilly lanwn as Trichcl pulsf 
corona, is ch’^ra.ct^ rizod by fti dou'blo“-Gxpr'rim''nt;al current w'-v.'.-f arm 


with a rise time of 5-10 nc, an amplitude of Ic ?s than 10 nA 'nid a 
total duratim of 150-200 ns. Positive pulsativc cor.nia, or p'.'*- 
sitivc stp-amcr corona, is -^’Iso cho.ract .-rized hy a doubl ■ -expon. a- 
t id current waveform with a rise time of s'''nw 50 ns, a mudo 
larger amplitude of the. order of 100 mA and a totd durefi.'n •cJ’ 
about 500 ns. Theso negative and positive pulsntive ccrou '.r; occur 
on conductors having the rospective polarities of a DC tr vism iss i:.n 
line pr durii-ig ths negative and positive hdf-cycics of voltag' 
applied to the conductors of an AC tr.-ns miss inn line-. 

Figure 1 shows positive- and noe^ativ^. cornia curmib pulse 
shapQs reconstructed in the form of a sketch by Rakoshdas'* . 

Typical frequency spectra of positive and negative cu-^-rent pulses 
arc shown in Figure 2. The frequency spectrum of th'. positivi.- 
pulse has 0 . higher initial amplitude th'^ui th^t of the n- 'gat ivc- 


pulse but fdls off much faster with froquency. Prom th' po int of 
viow of RI, thore-fero, positive corona pulses ar-'- much ixqior- 

tan th'^ii negative. Thus, only the pos it ivc-pol i.ri by conducb -re of 
a bipolar DO transmission lirr .a=!sur.'d C'''ntr ibut-. t'- Its RI 

Ifcvol, Similarly, only the positive— half —cycle corona is a,SfiU' :• d 
to contribute in the- RI lev^-l of AC trarismiss ion lin-rs. Simil-^r 
considerations apply to corona-gon.' ro,tcd RI from ac and DC stati-^na. 

In contrast to corona, gap disch^rgms occur bi bween GI•'o'^ly 
spaced ccaductiiig, and sometimes insulating, sUrlsc s -’nci ro,iro'o at 
a complete breakdown of the^interclc-ctrodo space-. The r-' suiting 
Gurro-nt pulse is characterized by a steep rise tine, Im.rg-- curr-'nb 
acij^litudo and v<-:ry short duration. G-ap discho.rgos th.- ref ore pro- 
duce very high levels 'of RI as well- as T?I but fortunately they 
occur only rarely on higli-yMtago transmiss4on systems usuailv 
being ponfined to AC distribution li..c-B..- 
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Ooroua aad gap cl is ch'^rg^-'s , aad t*'. a I'-Swasr oxtc-nt bhc 
rial the parti. al diBehargcis of Gquipp''erit ^ account for the III frop 
AC statiouB. In I)C cc avert t -stations, however, the- poribcl turu-oa 
and turn-off of the valves is a predoninoat, source of RT hcCB,UBC 
the switching tirT''’B in h'''th cos-'S ar' very sh.'rt, usually of the 
order of b. few iricrosecouds . Burixig "both the so op'~rotioas, tran- 
sient voltages ‘md curre-nts app-^'^r in the system oo b result oi 
th'- rec is tribution of the oriergy stored in the r-'eactive elements 
hufere -a now st^'ady sto.tc-’ is roachocl, but turn-i'iu gen* rat ' much 
high'r-f rc-quf ucy transients anci is th> reforo the main scarce oJ: RI 
from DC convert^'r stations. 

In th"' additjori to, th^- sources doscrib*'d abovf- ^ vrhich g*' ae- 
rate almost continuous or sb* auy-^tate RT, the occassional opera- 
tion of certain typos of equipment in both AC arni DC st at ions, such 
as circuit breakers or disccun-ect iag switches, generates high 
lf;vols of tronsi'^nt elc'ctr/magne t ic' interfer'uco but this type of 
intern e-r. 'rice is outs id,'; the scopi of th pre-sout discussion. 

0 al c ul at j-o n of R I 

Although the RT’ lev<=l 3 of both transmission lirios and 
stations are highly variable and can be piean ingf ully described 
only by long-term measurem'-'n ts and statistical analysis of data., 
calculation mc-^thodsprovido a usoful physical insight and m.ay 
reduce the amount of data no'^ded. A hri'''f review of RI colcula- 
t ion mothods is th -'ref ore given below. 

Trans m iss io n L in ' s *. 'The princippl source of RT fropi trodin miss ion 
linos is corona, which occurs randomly alona" the conductors whn" 0 - 
evor Gurfo,ce defects, organic or inorganic deposits, raindrops or 
snovrflakos are locat'd. Each c.orons„ source in turn injects r'ai.idom 
currant puls .'S^ ciipr-’ctc-riz'-d by f -lirly const.ant wavr-slinp' s but 
randomly varying amplituaos and pulso-soparat inn intnrvels. 

Tho current pulse injectnu by a corona sou, rcc , aiy ides ■ 
equally and* propagates in both directions, suffer jng attcnud,tion 
and distortion as it tr?i.vols-» Thus, at any given 'po int, on th' 
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conductor j the r<^sulting current will compos'd of tr^in.o >^1- 
rendom pulses gf'a'^ro,tod at different dintena; s on. bo.th s i cl' o and 
conso 9 .uently undergoing dif-f erenfe degri'cs of ottenuot ion oiicl ui.s- 
tortion. In addition, the prepag’^tiou of curr'''ats ^nd vlt-'^"' •o-'. 
Oils couductnr is influ<^nccd by mutu'il coupling to" th' oth' r phT.>. 
conductors iii the co,so' of fin AC lino or t''' th', 'jth.'r pol • ‘'f IC 
lino. Beth conductor and ground inipr doiic^ ch-iroct riot ice, which 
vary widely with frequency, must be token into account’ 3n c;\lcn- 
lating attenuation and distortion effects, which nio.kes RI pro|>.‘i- 
gatioa analysis on mult icon due tor transmission lins extr'nioly 
complex. 


The. most important appl i.cat ion of such colcuiation motlioit;; 
is to predetermine the RI charact-^rist ics of a propoo’^d 1 in ' 
design but unfortunately it is impo'ssiblr to count soli ly on purely 
analytical methods for this purpose;. M''''a,sur' "non ts ar''' e^sscntiol, 
which means that t-'sts must bo porlorm-.-d on coadactoi''r. c=ith r in 
cages or on t''st lin.-'-s fcc obtain thc' rc-quir-'d dat'o. 

Empirical m0th''"ds a,ro also available for predicting the KI 
performance of a propoc-d feraiismissi'''U lien . Th'se "'re b'lS'Mi on 
empirical formulae dorivod from largo ■^;olumo of nw asurod dat’a. 
Typical formula.e for kC transmission linos .arc summari'^cd by IEEE 
Committee Report, in 197? /2/ App'ndix I and IT. 


Statio ns • ilo .analytic'il mr-th.-'cl-:! "r"' curri'‘Otl'/ avail.o.bl'' for 
calculating thc RI from high -voltage- AC stoti''ns 'fL the ugh some 
computational methods exist for determining thf' RI g{,n; ratco by 
H¥D0 convertfr stations. R-oforenco'^ gives '-.m such m'thoc which, 
while basically still valid , has recently b.’ -n improv.. d with 

respfct to the moans of determining the hi.gh-f roqu' ucy rquio;al' at 
circuits for the aifferent compon'nts of bhi- converter station. 
Thf"so toprovoments, alongwith the morr efficient computer codoc^ 
now avails, bie, promise the development o-f more occur oto prediction 
methods in the near future. , • 
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Fig.1 . Positive and i'Teg.ative Corona Current Pulse Shapes. 
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Intro du c_t ion 

Corona on transEiiss ion line conauctors generates random 
current pulse trains, which propagate along fehe Ijne undergo jng 
attenuation and distortion. The objective of the propagation 
analysis is therefore to determine, from a knowledge of 'torona 
generation and bhe electrical charo-ctor ist ics of the line^ the 
RI curr'-nts at auiy point along the line and subseq.uenfcly, tlv RI 
field str'^ngth a,t points under thr' line.' iSonv-’ basic conc<'-'pts 
involved in the propagation analysis are reviewed below: 

fowG r density spectra of random signals. Th'' RI performpneo 
of transmission linos is gc-n'-’rallj^ expressed avS a function fre- 
quency. Oonsequrntly, tho RI propaga.tion analysis should also be 
carried out in th'-' frequrncy domains. It is th.-roforc- necessary 



Pig. 2 FrequGney Spectrum of Positive 
and Negative Corona Pulses 

RI PROP IGIT ION AN AL IS IS 
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to detfrciinc the- most approprif'tc mothoa of rrprosoat drip: tho 
genor.nt ion, propagation and OK-asuroni-ut a.ep‘''cta of RT in the 
frequency domainc. 

For periodic or transient signals, uniquely defined in the 
time domain'', Pau-.-j. .r ta’anoform t:chniqu-s are used in order te 
represent them in th' frequency doDVahic. Howcv--'r, since cimna- 
gc-aeratad RT is char icterized' hy pulso tradns, in which hoth th'' 
amplitudes and sepraration tim''-s of the puls-^'S vary randomly, 

conventional Pouri.-r trrnsform techniques cminot b"'' used, fhc' 
most appropriate method of r> -present ing such signalc hi the fre- 
quency domainc- is in terms of power density sp ctrum, which is 
relat'd to the m''‘an square value of th'" signal rath r than th. 


vh. 


instantan'"ous amplitudes. The conc''pt and same prupf)rti''s 
power density spectrum are explained in the following. 

Gonsidoring a random signal f(t), tho -av .-rag" pow’r in th' 
signal is given by 


■r/2 


Lim 


T 


■J 


f (t)dt 


( 1 ) 




T/2 


V It is seen that P as dofin d by (1) a,lso corr'sponns t'- tho 

O 

m laii square valUsO of f(t), i.< .\r f t) . 


. If now it is assumt a that f(t) is tr, an cat- d outside it I 

> 1/2,. the Fourier transform of the r"sulting s l.gual f,j,( t) may 
be defined as Pj(w) . The .-norgy of thf- signal f.p(t) is aiv-'n 1: 


I 


B 


T 


f f^ ( t) dt 


( 2 ) 




By applying Parseval, 's theorem, wo got 


E,t 


f j(t)dt 


1 

2a 




d W 


(^) 
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But 5 By clof iiiitiou, 




f,:7(t)dt = 


- 


T/2 


-T/2 


f^( tl dt 


(4) 




d'iAr ( 5 ) 


Using (3) and (4) iu ( 1 ) , the ^.v-rage pow« r is giv'ui By 
T/2 

.:7^- , 

P = liin ^ I f^(t)at =-2?r / 

'7'^. . s;< -T-j^ r.t) 

-T/2 

In th.'^ aBovo equation it as scan that as T iacroaacs, the fsncryy 
oi fj(t) and honco P,j(t) and hence | F,j(¥) j also inerc-sc. In 
the lhait as Tj-^, the quiantiby jPg,(w) !^/T avay approach a limit. 
n^^exiSts dfd“ine "<pTw') , ftio pov^r cU L-sit/ sp-'-ctrum of i{^^) » 

( 6 ) 


w) = L im 


T 


The average, power P is then given as 

T/2 

p =|f^(t) = Lim / f^(t)at = 


1 


2 a 


cp( w) dw 




-T/2 


; 9(f) df 


(7) 


" i ^ 

wh-ro w = 2af. It may Bo noted that, sirxca |P^(w)| = 

F^(w)P^*(w) = P^(w)ff^^ 9 rw) is an even function of w . Bquation 
(7) may themforo Bo wri'et^-'n as 


P = fJ-^Tt) 


" ; 9( w)Ja?= 2 j 9( I ) df 


( 8 ) 


It is soon from (6) that th ' power density spectrum retains 
only information of magaitud<= of the frequoncy spectrum F^{w) .ana 
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■feiint the- phris© inf omi-itiCii is lost. It i?^ nlso cionr froir' (8) 
that the power spectral dsnsi'jy 9 ^^) repr^ p^nts nv<v''.!z,^ power in 
th- signal f(t) at the frrquancy f. 

Sofflo prot)'''rt i''s of nowpr d^'fipit? sp'ctra which will ba unc- 
ful later on are sufPrn^r j zed below; 

a) If a random sign-1 fp(t), hawing a power uoasity spectrum cp^(w) , 
is paBsrd through a linear f ilte.r ‘def inc d by a tra.isf''r funct- 
ion H(w), the power density spectrum 9 ^(w) of the resulting out- 
put signal is obtained as 

9 ^(w) = 1 H(w) I ^ 9 j(w) (9) 

b) If several ratidora signals ^in'"*"^^ having 

'-■power density spectra 9 jj_(^n) 5 , rospe ct ivol.y , 

■-arS’ passed through a linear filt-'r dofin''-'d by a transfrr func- 
tion H( w) , the power density sp'ctrum 9 q(w) of th. resulting 
output signal is obtsin'-d as 

2 

9q(w) = y |H(w) I 
3=1 

c) If a raiidom signal fj^(t), havlig a power d'oeity spectrum 9 ^( w) 
is passed through an ideal bandpass filter tun'd to a frequency 
f - having unit gahi and a bandwidth nf the rms value U of 
the resulting output signal is obtained as 


U = V^ffiTTFl d f 
rms * ^ 1 ' o^ 


( 11 ) 


whore 9 p(^q) denotes the power sp'^'ctrsl density of the input 
signal at the frequency of tuning f^. 


The property described in ( c) above and the equation (11) 
give a method of measuring the power density soectrum of a signal 
using a radio noise meter which has the capability of nvasuring 
ras values. 
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B. RI excitation function; The g'-nir rnt joa of RI occurs ever the 
entire Ic- igth of conductors c2 troasmiss 'jen line. The geriora- 
t ion can be sith-'-r uniforn'' or neaunilorm ov^r the length of the 
line depending on whether the wooth'-r conditions are uniform ov^-'r 
the l.'iigth of the liiio or portio-us of the line are subject to 
different wcothf-r conditions. Th'- concept of RIoxcitnt ion func- 
tion has boon found to bo very useful in the an'ilysis of RT fr^m 
transmiss ion liii'^s in casos of both uniform ant', nohuniform orono 
g'ni^ ration. 

For th:- single conauctor trarism iss i on Ihio shown in Rig .3, 
consiuor the movemont of a ch'^rgo J g' 'nr rated by corona iffl th.-- 
vicinity of the conductor. The current ii^iucort in' the con.luctor 
duo to the motion of t^e cho,rgG may bo.--obtain. d by applying the 
Shb.ckloy-Ramo theororo* as 

i = fE. V ( 1 2) ‘ 

1 i ' — 

" V. V 



Rig. 5 . 

where, 3 is th: vector electric field, at tho point where ‘the • 
chargr ip locatf-d, produced by the app’licat ion, of a unit potenti- 
al to the- conductor, ond v is the velocity of the charge. The 


*'Tho Shcckloy-Ramo theorem states that, in a nulticloctrode systeai, 
the current induced in the kth oloctrode due. .;^o _tho metiot^ of 0 . 
charge >" with a velocity v is given by i,= ' , where B, is 

the electric field vr-ctor jpr-^duced at the 'point where th' chargo 
is located by the applico.tion of unit potenti-il on the kth elec- 
tro u.c and zero pctcntiol on pH the other elr'ctrodcs . 
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elc-ctric field is nlmcst ar^xr tlir conductor surface whf ro 

corona occurs, and its magnitude is given ty 

TT _ C 1 "" ' (13) 

® “ -2%£ ‘ r 

0 

The current induced in tho conductor is th-rcL'nre oh^ainv-d 


as 



(14) 


where- v^ is the radial velt.icity component of th"' charge* Equation 
( 1 4) can ho rewritton as 


1 = 


27ts, 


. ( . V ) = 

\j, -pj 


2 ns. 


(15) 


0 o 

In equation (i5),r= “ • v^ is a function only of the space* charge 
niovomoht near the conductor. The current indued in tho C'.auluc- 
tor may therefore be consicLc-rod .as doponciing ossont dally on two 
f actors : 

1) Tho capp.cifcnnco of the cnncluctor, which depends only on the 
conductor configuration, and 

2) Tho cLe isity and movp'roant space charge noo.r th-"' conductor, 
which depends only on the electric f idd distribution in tho 
conductor vicinity. 


Thp terni T' in equation (15) is defined as tho excitation func~ 
t inn . 


In the context of RI generation, i ropresonts th'' random 
current puls--^ trains induced in tho conductor or, more appropri- 
atoly, th£; rms value of the current at a given frequency, which 
would be measured by a radio 'noise meter according to oqao,tioa 
(11). Consequently, thf excitation function i^ also exprosscni 
in trrms of a rms value or ixidirrctly in torms of the pow.:-r spoc- 
tral density. 
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The principal alvarita-'^e of tlir concept of RI excitation 
function or. thfit it is indopenhent of tho conductor or line 
gcornc-try. Thus, f' can h<~ ro^asurecl in a. p jj^iplc gc-'-metr^T' such as 
a test cage, and used to predict the RI parfarmance of a practi- 
cal 1 in • ' CO ni igu ra b io n . 

In the case of a rulticonuuctcr lino, equation (15) may he 
giui'^r*'! ized to 

[i] = [0] [[■] ' (16) 

whore [ i] is the vector of curr-^nts induced in tho different 
conductors, [C] is the capacitance matrix of the lin-, and [f '] 

is th'^ vector of' the generated RI excitation functions. 

RI Pro-pagation on a Single Gonductor Transmission Line 

0onsii.‘''r ■■m infinitely long singl^' conductor transmission linc- 
with uniform corona current in j'^-ct ion of J per unit length. For 
an oletriontal length of the line, tho equivalent circuit sh'^wn 
in Fig. 4 applies. From, considerations of the volbages arid currents 
as shown in tho figure, the foll'-wing d iff rent ial equoti-.'ns are 
ohtainc d'. 

S = -^I (1-7) 

g = - yv + J (18) . 

Since the corona current injected is in the form of random pulse 

tro.ins, J and, consequently, also I and Y are rtns valuos at a 

given frequency, z and y aro the series and the-^ sh-unt adpiittance per 

unit I'-ngth of the.\ basic traiismiss ion line theory that Z =Vz/y = 
charractrrist ics iripoii'^ncc of thr- lino and y = = a + jP" 15 

tho propagation constant of the line, a being thr attenuation 

constarrt and p the phase constant. It may also bo rcc.alled that 

a sinusoidal, current i(f) at frequrncy f, irijected at a particular 

point of tho tr.ausmiss inn lino divides' ceqaal‘ly'‘aS shown in Fig. 5 



2 


i I A 


K 


and prop'=tgat '-s in both directions, 'th- current ‘■Mst'-aco 

X on either sine of the point of injection will then bo 

yf) d?) 

A t-ronsfe-r function H(f) no,y therefore be dof incu o.s 

' 1 '-YX 

= h ^ ■ '--o^ 

' ' ' ‘ 

Returning to the randon nature of the corona current inj^'ct-'d, the 
uniform corona gone rat ien may be representod b/ the in je<> b j.-'U ■>£ 
a curront having a power spectral density of <p^(f) p' r unit length. 
Referring t? Fig. 6 th; injection ox 9 ^(f)dx at x proiluc' o at th. 
point of obsGrvo-tion 0 a current ha,ving a power spectral d', noity 

- . ■ <_ ^ , 

— — Y- >»f ' 

/^oC ^ J ‘ O , I ^ - 




' f 

I 

V 


ShiX 




^ I I V/ A v 
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)(7XT"k 


,AA / .'y* 


.'1 !■ > 


Fig. 4* . 


Fig. 6 








Fig.5 
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^<p(f) = !H(f)|^ 9o(f)d^ (21) 

The powor spc.ctrnl doasity (p(f) of the tnfcal current following o.t 
0 is therofor: ;'bt";,in. 0. ‘s 





( 22 ) 


The r'-'sult of equati ':>n (22) can bo <^xprcsood in t'.r!’''S of the c^r- 
rosponding rms -volurs of the currents I end J as (conparc Bq. (ll)) 


1= ^ (23) 

2fa 

Equation (23) is thus th'> r- quir'-d soiution to tho different 3 aL 
oquations (17) ?-.nd (18). 


Th" last stop hi the RI analysis of tho single conductor transmi- 
ssion line is to c.alculntc thr elr-ctric and Pi, agnatic field c<~>pipo- 
nonts at the ground lovrl from tho current •^btahi-d in ( 23 )^ 



Pig. 7 



T, ' 



Referring to Fig .7, tb© nn.gnrtlc fix lei «,t any po iiit P le obtained 
(assaming a perfectly condacting earth) as 


H 


2n 


2 a 

v,2 2' 

b 


Fiii.ally, assuming a 'IBM mode of wov 
ding olactriCj, fi''lc; is obtaiu'-d as 
irpcuanco of free space-. Since 

2 b 


B 


60 I. 


v2 , 2 

b + X 


c prop am 
B -- Z^H 
'120 n, 


'^tl'Ui, th>' 
, wber' Z^ 
wr obtain 


(24) 

cor res pen- 
is tin w^-'V? 


(25) 


RI Pr 'r libation on a Mult iconclucto'r Iraisniss ion Liir- 

In analogy to oquati'ui (17) suid (18), tb^ cquati'’'n.s del in big tbo 
RI propagation on a nulticannuct'er line , including C 0 i'"'n-! gcii r“'- 
t ion along tbr- con(Lu'ctor»s , may be written as 


[V] = - [Z] [I] (26) 

-fc [I] = - [y] [V] + [j] (27) 

wbpre, [”7], [I] and [J] ar'"* crlumn vectors of tb*"' vltago anil 
current on tla.> line and of tbr coron'^ current densities inj ct- il 
on the coLiuctors, [z] cand [y] aro squor'' matrio.es oi s- rl- s im,''- 
danco .and shunt admittanc'- per unit length of the Ibr-. Th . 
square impedance ancl adniitt.aaco ma.tric'.s copr^risf , of C''urrjO, 
s'-'lf .as wall as mutual berms. Thus, cquabi-ias (26) and (27) 
represent a vsot of coupled diff emit lal rquatlen.s which have b-' 
be- solved s imultanc-ously . Direct solution of these cquat'd'nis is 
therefore an extremely difficult task. 


Modal azialysis is used to simplify oquatims (26) and (27) 
into a nuBibr-r uncoupl’''d sets of OQuat wh'^ch can •'~ach b.: 
solved as in the case of a singl'"- conduefcor troUGmias 1 .m lixr . 

In oruv.-r oo further sipiplify the analysis, the lO'oaal deco ran os it! on 
of thr equations is carried out .assumbig a lossless line, axoi th- 
effset of losses is introduced later for oach of the modes in the 
form of madal attcnua,tlon factera. 
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r^pr'^sents the ’g x>metriD' irat r jx ’ of the line,’ with 
the rt'atrix elenients 


g . . = In 


^i 




D. . 

= in — 




(28) 


where, h^ is the height above ground of the 1th conductor, r^^ 
is the radius ©f the ith conductor, D. . is the aistance he twe-=^n 

-L J 

the ith conductor ana the image of the jth conductor in thr ground 
plane and d . . is the distance hetwcf-n the ith and ith conductors, 

•X. ^ 

the- irnpe dance and admittsneo matric>“'S may he written as 

[z] = w [L] = ~5-/- [G] (29j 


[y] = w [G] = w.2Tt£^ [G] ^ 


(30) 


whore, w = 2Kf, f heing the Ircqu-uc}^ of voltag-'s and currents, 
[L] and [C] are the ixiciuctencc aj^iu capo.citancc rr'atriC'''S of the 
1 on * 

Also , from (16) , 


[ j]' = jir- 


• [0] [>-■] . [n.] ' [I-] 


Suhst itut ing (29) to (51) in equations (26) anu (27), 

d - - 


dx 


[7] 


ff- [S] tn 


(32) 


A- [1] = - w..2Ke [G]~'(T) + [G]"' [ f ] 


dx ^ “o 

i7ovr, lot [M] he th-' modal transformation matrix of G, ii.G 


(33) 


[M]-'! [G][K] = [A]^ 


-where is the diagonal spectral matrix of [G] 

[V] = [M] [VJ • 

[I] = [M] [I ] 

° [r] = [M][rci 

[J] = [M] [j^] 


' (34) 

Also, let 

(35) ’ 

(36) 


[r ] = [M] [fj 


( 37 ) 



M-ie 


V . I B.a'\ J in the equations above ar'^ tho tnodpl -■ - 

0 * 0 C ' > 

nonts of the voltag’c and curi'cnts* Subst itut jag (3 p) ~ (37) in 
( 32 ) and (33), 


[M] [V J 




[&] [M] [IJ 


-fcm[y= ----0 

These equations can be rearranged as 


■2n' ‘-"c- 

1 r ,,.1 r TT T . r /I n *“1 


(3B) 


w 


.2ne^ [G]"' [Fi] [ Y [M] [ P J (39) 


dx 


[YJ 


wu 


2. [M]-’ [S] [M] [I J 


2 % 


[I ] = - W. 2 ® [M]-'[er’[M][Trj+[M]“''[&]"’[w][r’ ] 


dx -o-' o 

On further s iaiplif icat ion. 


d 

dx 




= - 2 ^^ t h tv 
1 


4 -[IJ = -w.2k„[A]^'[vJ [A]-' [r^] 


( 4o) 
(41) 

(42) 

(43) 


dx "c- 

Since [A]^j^ and [A]^^arc both diagonal matrices, oquatioUvS (42) 
and (45) represent sets of uncoupled differential equations* For 
an n~conductor systrni, there will be n S'"ts of lift'*' rent i '■! equa- 
tions, corresponding to thc' n modal components, similar to equa- 
tions (17) and (18)» Th''refo’ac snlutians similar to ( 23 ) nrc 
obtained for each of bhe modal compon^-nfcs. 

By comparing equations, (42) and (43) with (17) and (18), the modal 
characteristics impedance matrix of the line may be obtaixied as 


[ZJ 


Jls 

2n 


t 

2 awe. 


tA]a = 2hvir-tA]4 = 6o [A]^ 


Details of application of the modal analysis to actual RI cal 
culations are Illustrated by considering a practical oxample. 
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Exaitiple of RI OaLgulatioa 

The ffisthod of RI calculation described above is illustrated 
by considering ABP's 765 kVline configuration, fbe conductor 
bei'^ht is assumed to be eqa-ft to' the average conouctor height of 
60' (18.288 m) j and the influence of ground wires is negl<.cfcrd.' 
fhr G.ilculation procedure conipriS’'^s the following stops; 

Step 1: The first step is to calculate the rn-’ximum buiidel gradi- 
ent for all the throe phas-^s of fhj line. For following fch' 
phase number the gradients are; 

= 19-6V 

E2 = 21.10 W^„3/om 

Step 2 ; This step involves th dote rminat ion of the RI excit'^t^n 

functions f' i*T' 2 *T '’3 three ph^ascs, from a knowledge of the 

maximum bundle gradients of st'^'p 1 . This requires in turn a prior 
knowledge of as a function of B for the bundle under considera- 
tion, which can bo obbainrd cither by t'^'sting the bundle in a 
test cag^' or on a t^'st lino or by using empirical formulas alreaciy 
developed on the basis ox cxten.sivo tests. For conditions of 
heavy rain, refer'a'icc 4 to 6 propose empiric'll. formuli^B for 
dr bertnining thG'p for any given conductor bundle. Based on th.~' 
results of these r''f ''roaccs ^ th'" followin'? v'-lues are obtained lor 

'i 

$ 

Tl above 1 pA/m”' 

= 48.7 dS above 1 pA/m"”'/^ 

01' Y” =y ^ = 211.3 pA/m^*^^ ahu = 272.3 pA/m^ 

Step 3: for the line configuration unoor cons id' rat ion, the geo- 
metric matrix [G] defiiied by equation (28) is obtained- as 


5-15 

1 .05 

0.51 

1 .05 

5.15 

1 .05 

0.51 

1 .05 • 

5.15 
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3 i ; 813 4 : This slisp involv’^s solutiou of s-quafioii (34) "fco o-hfaio 
the modal transf ormatioa matrix [M] and. the diagonal spectral 
matrix [A]^^* Equation (34) may be written as 

' [C]'[M] = [A]<i [M] 
or 


.0 ( 44 ) 


The above equation has a nontrivial solution only if the dotermi- 
n‘-=>jat of the first n\atrix is zero, i.e. 


g^. A 

^12 

] 


1 

CM 
— • 

M 

13 

^21 

§22 A 

§23 


M 

21 

M 

22 

M 

23 

/31 

§32 

• §33 A 


K 

_ 

M 

^32 

M 

33 


^ITA 

ggi 

®31 


S 


12 




"32 


’13 


§23 


= 0 


( 43 ) 


Equation (45) reduces to a cubic equat ion ' li A , th'^ solution of 
which, using th-' matrix olemc-nts of -G obt-^in 'd in St’-’p 3, giv 'c 
the following valu-'s of A : 

A-] =3-91, A2 = 4- -6 4 anciA^ = 6.9I 

Substituting each of these values in (44) gives us the colums of" 
the modal transformat ion matri-x For A = 3*91 » 



1 .24 

1 .05 

0.5,1 


1.05 

1 .24 

1 .05 


0.51 

1 .05 

1 .24. 

or • 



1 .24 

Mil ^ 

1.05 

U05 

M^1 4- 

1.24 

0.51 

+ 

1.05 M2^ 


M. 

M, 

m', 


11 

21 

31 


-'31 ^ 

Si ' 

Si'^ 


0 

0 

0 


( 46) 


0 
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Equations (46) is a sot of homo.sienous equations, and only two 
of the three unknowns can h: eh t'-.^rmin^ cl independently . The third 
unknown has to 4? cho_5cn arbitrarily* Choosina ^ = 1.0, tht 
solution of ( 46 ) givr-s = -1 •68 and = 1.00* 

Thus 


1 


s 

• 

0 

0 

F 

■ 21 

1 

—1 .68 

( 

W-J. 

1 


1 .00 

- 


For purposes of riomial ization , the elements of tho column "voctor 

L 2 2 ' 2 

abovo aro divided by f ^ normalized vector 

is then glvm as 

^ j., . j 0.456 
= -0.7 65 

0.456 

The oth'^r two columns of the- [M] matpix are obbainod similarly 
by determining the. normal ized oi^en vectors ■ corr? spending to 

/\ = 4.64 and A = 6.91* The resulting normalized medal trans- 

Z 3 ; 

formation matrix is obtoined as 


0.456 -0.707 0.541 

[M] = -0.765 0 0.644 

0.456 , 0.707 0.541 

Step 5 ; The- next step in -hhe calcula’^icins is determination of 
modal components of corona current in j-ect ions . Prom equation ( 43) » 
tho oquival.?-nt corona curT^ent injoctioh *is given as 

[Jo] = [Mad To! ^ [ri"’ ' (47) 

Since [M], [Tel = [ri ' 

i 

’" 0.456 -0.765 0.436"' 

[F]""* = - 0.707 0 0.707 

_ 0.541 0.644 0.541 



and 




,j 0.2C3 -0.039 -0.012 

■ [-(3]"’'.= f’ Uo.039 0.210 -0.039 

• • , [-0.dl2 -0.039 ■ 0.203 

Therefore 

’ 0.117 -0.196 0.1 17 

[M]"'®[G]”'’= -0.152 0 0.152 

(_ 0.078 0.093 0.078 

. - / 

( 

Now, If assume RI goneration of Phase I, 

|p^ "I p11.3 

[F] = -0 = 0 

- 0 J _ 0 

[ Jo] is then obtainocl as 

0.117' -0.196 0.117 211.3 

[Jo]=C«]"''[C]*’[r] = - 0.152 0 0.152 ■ 0 

' ■- . '' L 0.078 0.092 0.078 0 

or . *^ 0 ^ r 24*64 

i = -32.19 

' . L 16.54 

where the superscripts 1, 2 and 3 represent the mode numbers. 

The corresponding modal fompdrients of the currents in the condu 
ctors are obtained by analogy with, equation ( 23 ) as 

/ 2V7r, 
j„' / 2ir5, 






( 46 ) 





7 

where , a2 moclol attonuatiori constants . Based 

on aic-asurerr'ents on a fcU‘'ai trauisnias ion Ijncs, the raodal attenula- 
t ion constajnts may ht assumed as 

= 0.173 X 10~^ Nepers/p (0.15 dB/km) 


a 


a, 


12 = 0.115 X 10~^' Nepers/m (1.0 dB/km) 
= 0.691 X 10~^ Nepers /m (6.0 dB/km) 

Suhst ituting those in (48), 

Tt (1) 




( 2 ) 

'(3) 



2964.6 


-1500.0 


314.7 


pA 


FirifTlly, tho corresponding phase currents are obtained using 
equations (36) as 


s 

‘ 7 ' 


'”11 

¥ 

12 

M 

13 


r T 

^•c 




»2t 

"22 

M 

^23 


T (2) 

c 


-h- 


3 i 

»32 

M 


I 

L c 

conductor 

YY\.r.4’-C - 

1 

0.456 

2 

-0.707 

0 

3 “ 

.541 




2 

-0.765 

0 

0 

.644 




3 

1 

I 0.456 

0.707 

0 

.541 _ 



2964-6 

-1500.0 

314.7 


pA 


It is scon from (49) th^t -iach modpA - current flows in all the 

( 2 ) 
c 


three conductors. Thus th- modal curr^^nt for example 


( ?) I2) 

results in currents 2 flowing in conductor 1, M22le 

in conductor 2 ^d M^2^c' ^ conductor 3- fhe modal current 
distributions in the thrre conductors can be represented as 
shi^wn in Figs# 6(a) ,6 (b) and 6(c). 


(49) 



. o 

1351 .9 iiA 


kt) 

-2267.9 \xk 


0 

1351.9 \ik 


Eigure 8 (a) Mode 1 

0 o 

—1 060 *7 P'A 


curroafcs 

© 


77^-*/ 


1060.7 jiA 


f 




7C7777 


0 

170.3 }iA 


Figure S(b) Mode 2 currents 

0 0 

202.7 |iA 170-3 HA 


Fxguro 8( ct Mode 3 currents 

In tiis3 above, the current cowpoacts in bhc three conductors of ’Uiy 
given inode are in ph<=iSO with each other. The curro’nt conponents 
corresponding to the different uiodos, hov/ovor, will not bo 3n phase 
because of differences in the velocities of propagation of the 
different modes* Although more sophist dcatod mothocis exist® for 
addition of the- different modes, a simple rms addition will bo 
assumed in the following. 

The next step, after determining the modal RI currents 
in the different conductors, is to calculate the electric field 
component of RI under the liiic. Equ.ation (25) is utilized for 
this puipose to detemine the electric field at fmy point due to 
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oach of tho three modal current distributions. Por any point on 
the ground, at a lateral distance X from thi^' centre phase, the RI 
field duo to tho mo is 1 curr..ut distribution is obtained as 


( 1 ) 


( 1 ) 


( 1 ) 


(50) 


where ^5 


arc the mode 1 currents hi con duct Drs 1, 
2,3 rospectivoly and P^(X), E 2 (^) P'^(X) are fi ld factors 

given by 


p (X) = . p (X) =-l|0^ , p (X) = n20H 

1 TT^ I / tr T\\ ^ ^ ^ U'*™ 


r+CX-D) 


H"+X 


H^+(X+D) 


(51) 


where H is the conductor height and D is the phase spacing. 

For X = 95 ‘ (28.956 m) 

F^ = 3.87 ; F 2 = 1.S7j F^ = 1.02 
and the modal fh-ld is obtained as 


= 1351.9 X 3-87 2267.9 x 1 .87 + 1351 .9 

X 1 .02 = 2368.3 ^iV/m 

Similarly, the fide components .at th-"" same point duo to the other 
two modes are obtaiiicd as 

^2 = 3027.5 pT/o 

3 = 1212.1 pV/m 

The resultant RI field at the point, due to RI goneratinn on ph.aso 
I, is obtained as 

^2 ^^3 = 4030.4 pV/m 

Steps 5 and 6 will have to be roporated to determiao the RI field 
produced at rony given point due to RI gonoration on phases 2 r^nd 3 
respectively of 1^2 = 48.7 dB and = 46.5 dB. Tho resultant 
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fields Ht the point under conrider-^ cion •\tv : 

= 5437.2 pV/m 

B = 4030.^ uYA' 
c ' ' 

Th'" rraultnnt RI field, du.' to tir RT 'n rotioKi oa a.il thr' 
phases, is again assun^ed to be the r.rn.s. suni of tl)'-- rjei(;;; oj 

a’ 

B. an d B 
b c 

i.e B = = 7877.3 pV/m 

= 77 *9 dB above 1 p 7 /m 
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KEASUm^m'H OP RADIO liiTT'SRBgBRERGB 


The measureineat of RI from high-voltage transmission sy^s— 
terns is carried out using a radio noise meter, which is hasically 
a calihrated radio receiver that functions as a tuned radio- 
frequency (RR) voltmeter. The meter comprises an input device 
which can he antenna or a prohe feeding into a tuned Ri" amplifier. 
As in the case of a radio receiver, the output of the BF amplifier 
is mixed with the output of a vari3>hle-f requency local oscillator 
to obtain a fixed intermediate— frequency (IF) signal which is 
furthei^ amplified. The combination of RF and 3F stages functions 
effectively as a calibrated tuned bandpass filter. The IF output 
is then passed- through e. detector and approprjate weighting cir- 
cuits to measure the peak, quasipafijs:, average of rms values of the 
interference. A detailed analysis of the radio noise meter respo- 
nse to random pulses is discussed 9 » 


Th-? radio noise meter- described above-, standardized accor- 
ding to AilSI or OISFR, is used to measure the RI from transmission 
lines and stations. In making such msasurmments, particular 
attention mustbe paid to the selection of the location, the cali- 
bration of the measuring instrument, the background noise level 
and a number of other factors. A comprehensive guide to the 

1 0 

uGasuron^onl; procedure lip.s *boen publisliod as an XBBB ' standard , 
which is aowundergo iug revision to update and extend its range of 
appl icab il ity . 


Single-Conductor Line - ■ ■ 

From the point of view of RI analysis, a single conductor 
line may reprosent a single phase AC/ or a monopolar DC line. In 
the cases of a single -conductor line, Fabro^^ established in a 
heuristic measnor that the geometric mean of the envelopes of the 
maxima and minima of the RI fre-qucncy spectrum of a short open- 
ended lino is identical with the RI frequency spectrum of a 
corresponding long-line. Hclstrom and Perz provided the 
necessary analytical proof of the geometric mean method of deter- 
mining the long-line RI pciformaaco from measurmonts on short 
open-ended lines. 


RA-26 


Consid-'-riiig thn case of the op ■ ■ii-c.ncic ci test Ijnr at IRBQ, 
which ivS 273 ^ long o.ari ho,s a natuml r-s 'aanc-. frequency f^=1 .IjVBz 
Pig . 9 - '-shows the sho^v-s the frequency spectra of the magnetic field 
field measured at ground level directly below the centre of the 
line, for a constant uniformly distributed RI excitation function 

A 

of 0 dB above 1 pA/m ^ at all frequencies and for dilforcnt 
earth resistivities from = 0 to 10, 000 ohm-m. The t-'st line 

n 

coB’prisGs a 6 x 1.6 ( 4.064 cm) conductor bundle at on avoro^o 

conductor height of 12.2m. The corth resistivity is n.n inpart-nt 
parameter since, during long-torms t-'^sting, the --arth r'sistivity 
may vary over several orders of magnitude depending on the n.xturc 
of the soil, tho temp-'^-r-^ture and humidity variations in the soil' , 
etc. The results clearly show that the earth resistivity has a 
large influence on the amplitudes of th' mnjcima and a much i«.8scr 
influence on the amplitudes of the minima. The freqU'''nci a at 
which the maxijna and minimea occur arc also rrduced vrith increxsed 
earth resistivity, due to tho resulting reduced vc'locity of 


propagation, 


lo - 
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J'ig. 9 Frequency spectrum of RI under an open-endt;d 
Single-conductor line. 
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The prac'tjiaal iiapl ication of tho results of Fig. 9 i"? la 

the choice of a measuring frequency for purposes of long-term 
recording of RI. As pointed out hy Lofevre^'^, tho f requenc i-" s 
near the maxima are not suitable because of the extreme sensitivity 
of the measurements to slight fr^^quency va.riations, .and moosur'ments 
near the minima may be affected by ambient noise. Frequ rncies 
in between the maxima and minima have therefore been Suggested as 
ideal for long-term moasuroments . It, ;is seen, howeVor, that 

' A t - 

frequencies batween ( 2n-l ) fQ/2^^ xi^l , 2..., aro also subject to 
considerable variations in earth resistivity. On the other hand, 
fr'-quencies between nf and (aat1)f /2, n=:1,2... show much lass 
variability due to viriations in jO and therefore appear much bc-tter 
suitf-d for long-term moasuroments . More precisely, a value of 
abodt (2n-K).6)f /2 scfms to be the best measuring frequency. 

Another aspect which may affect tha accuncy of the geoEie- 
tric-moan approach is the bandwidth of the measuring instrument, 
especially at low c-arth resistivities. «Thc' geometric-moan method 
is based on tho theorot ic.al maxima and minima of the froquenpy 
spectrum. However, tho finite bandwidth of the measuring instru- 
ment reduces thGv measured poal oompared to the thoorcticaL maoci- 
mum. For th<^ line considered, for example, at = 0 ohm-m, the ^ 
measured peak with a 5 kHz bandwidth (ANSI) iastmament will bo 
a»bout 16 dB lower than tho theoretical maximum,. , rosulting in an- 
8 dB error in tho geometric mean. For = 10 ohm-m, however, 
this error is reduced to about 0.3 dB, which is negligible. Thus, 
for normal values of earth resistivity, the orrer duo 'to '' instru- 
ment bandwidth is negligible, i^l the frequency spectra ropbrt(-d 
in this paper are calculated dssumiag a msoasuring instrunv'nt 
having a bandwidth of 5 '"kHz. 
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Bipoln,r PC Li:ie 

Aa example of the two-aanductor tr'Uismiss ion line ia the 
bipolar DO line, n*-‘glectiag the influence of nny ground win’s 

present. In the c=isc of a bipolar DC line, RT gencrat-d by 
corona on the pcsiti’vc polo predominates coiapl’ 't'.'ly over tlT'-t 
gonorated on tho negative polo, so that for all Practical purpvsos 
RI generation on the negative polo can be neglected. Although 
RI generation occurs only on ono conductor, the RI propagation 
on tho bipolar DC line is compos •'^ci of two distinct modes. Tn 
tha following, the case of th- short bipolar DC test lin'- ot 
IRSQ, also 273 ro long as in the c.oso of th-’ s jnglo-C“nduct' line, 
is. cons ide rod. The line comprises 6 x 1 .6 conductor buucU.ro on 
each pole, at a pqlo spacing of 15 *2 m and an avoragt’ conductor 
height of 15*4 m. RI moasurements with the lino cither opeu- 
onded or terminated are discussed. 

As in the case of the singlo-conductor lino, RI moaijuromcnts 
may he made on tho bipolar DO test lino with both ends open. It 
is not obvious, however, that the geometric mo.an mo-thod, which 
has beon proved aaalyitc.ally for a a inglc—conciuctor lino, applies 
also to tho casv3 of a bipolar DC line. ThC' RI propago,tion ^tn 
tho bipolar DC lipe is conposod of the ground modo .and lino rrodo 
which propagate with -different velocities and different attenua- 
tion constants. Although the opcn-circuitr d ends of the lino 
produce reflections, they do not give riso to any intc rmodo coup- 
ling. Tho analysis developed is therefore applicable to this case. 

The frequency spectra of the RI magnetic field measured at 
ground level at the centre of the open-ended line, forT" 0 dB 

Q-^d t _ = - ^ dB nad fop three values of earth re*i»iitiv ity are 
shown to Jig, -lo. The two peaks o ecu ring in tho region of tho 
maxima correspond to the two modes of propagation. The sho.rp 
resonance peaks correspond to the lino mode of propagation^ .and 
are affected by variations in earth resistivity, although to -a 
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mucii lesser extent than the ground mode. The loweT-amplitude 
second pealss correspond to the ground mode propagation. The amp- 
litude as well as the frequency of occurrence of the ground mode 
peaks vary with the earth resistivity, reflecting corresponding 
changes in modal attenuation and velocity. The da.shsd lines 3n 
the f igure correspond to the geometric mean "between the maxima, 
for the three values of f’ considered. The solid lines correspond 
to the actual long-line frequ'^ncy spectra c§Q.culated lor = 0 

and =-f-'dB. The results show that the geometric mean of the 

maxima ^d mjnima does not give the corresponding long-line RI 

level. At low earth resistiviti'-,s, the difference between the 

geomotri* meati and the long line RT levels is negligible. The 

error increases, however, with incr''asing earth resistivity. 



( 

Rig. 10 RI frequency spectrum, at 15 m from positive pole," 
of an o-pen-ended bipolar DC line. 
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TRree phase AC Line 

RI propagat3oa on thr«‘e phase AC trazismiss ion lines is 
characterized by -three modes. Ihe modes are convent ionally 
numbered in the order of decreasing attenuat ion, with mode 1 
having the higher attenuation and mode 3 the least attonu-^ fcdon. 

For a flat thref= phase .line configuration, thr rood'"- 1 - kno.wri as 
the ground mode - correspozids to current flowizig out in all th-' 
three conductors and returning via earth, mod'.-' 2 to curr» nt 
flowing out in ono of the out'-^r conductors and returning via the 
other, and mode 3 to current flowing out in th--’ t’-n out' r con- 
ductors and returning via the central conductor. 

Three phase AO lines aro also charactrrizod by RI g-n -ra- 

tion, of about the same order of magnitude, on ail the thr r 

phages. Th-^ corona activity on each phase conduct '>r occurs during 

a short period around the peak of positive voltage :>n that c..'n- 

ductor. Thus, El on a three phase line is gonc;rot;.’d f-s a result 

of successive bursts of corona pulses soparat''d fr;m e.ach oth r 

by a time interval correspnding to 120*^ of the applieu alt rn'it- 

ing voltage. For purposes of pre-pagation analysis, howev. r, th-: 

RI goncra'tiion on each conductor should be tr:at>!(I scpar'''fc' ly. 

The measuring instrument, on the other hazid, integrat', s th cozi- 

tributions due tc the excitatioji of each conductor, lop.'aaing 

on th-o type of instrument _used, the contrihut ions due t-- r ach 

coaductop ©ay bo subject' to rms addition ( rms dnt-ctor) or t CISPR 
2 

addition (QP detector). From a practical point of view, th''- 
difference between the two methods of addition is zi^'t s ign if leant . 
Azi rms addition is thoreforo assumed in th. following. 

Although only one conductor is ezeitzd at o. time, currents 
flow in the other conductors also due to the existence of al.! the 
throe modes. Thus, in the cases of both short and l"'ng lia.. r. , a 
modal analysis of RI propagation should be carried out f-'-r tho 
excitation of each conductor, and their contrihut ic^ns added 
appropriately at the measuring poiiit. 
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RI tteasurGments on short thr»\Q phase test lines are genera- 
lly carried out with the line open-ended. Some attempts have 

*1 ^ 

also h.-'on made with the line terminated at one end and open at 
the other. The case of an open-ended line is discussed below. 

A 732 km long three phase test line, similar to that at Apple 
Grove is ooaidered for purposes of Illustrating tho application 
of thf.' proposed analysis. The line comprises 2 x 1 . 6 '’ conductor 
bundles on all three phases, a phase spacing of 10.7 m ana an 
average conductor height of 18 *‘ 3 m. 

Rigare 11 show , the ppectra of the RI electric and magnetic 
fields, at giriund level, at the centre of the line and at distance 

1 \ 

of 15 m and 30 m respectively from the outer phase, namely con- 
ductor 1 . 



Rig .11 Frequency spectra of 'RI electric and magnetic fields, 
at 15 m and 30 m 'from-' conductor 1, for an open-ended 
thre.0- phase test line, [h = 0 dB, 'p, ='fV, 00 dB. 

{ Cm. 
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Asmimi - I 

RADIO iTOISE PREDICT lOS FORMULAS FOR AC LILES 


- The basic characteristic equataoij. for all comparative 
methods (ies the methods which use empirical relatioa) can be 
expressed in the following form: 



+ Sg + + Ef + 


B : calculated HU level of a lane-' in dB above 1 pV/m 

:x<reli defined Rif reference value followed by correction 

fa«tors in dB for gradient, diamettr, bundle, dist-’ucc, 
frequency, and foul weather. 


Symbols used in formulas 
ggj = maximum gradient 

“ average gradient 

d = (Sub) conductor diaaioter, cm 
n = no of subcond. in a bundle. 

D = conductor to antenna, or radial distance, m. 
h = line height, m 
f = frequency, MHz 
S = bundle separation, cm. 
p = gradient factor io: 

p = 2 (n~l) sin(u/n) or 
p = 2.0 for h =2 
p = 3 •48 for n =3 
p = 4*24 for n =4 

AOOkY-FG-f Uormonv'; at 1 MHz 

S = 53.7 t 5 t E (g^ - 16.95) + 40 log + E ^+20 E 33 log 

E = 3 for 750 k? cIsbs 

E = 3.5 for other linos, gradient limit 15~19kV/cm 
= 0.4 dB for single conductor 
= 10 log ~ for n > 1 
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= 1 .6 + 0.1 for frequency range 0.5 to 1 MHz 
= zero for fair weathc-r 
= 17+5 for rain. 

^ino ” ^max ^ ^max least 5 <3B higher than the field due 

to any other phase at that location. If the difference hotween 
the two highest valu'-s is loss than 5 dB, 


+ Sp 

®Liae “ 

Shiobara ( Jananl 

t 

In fair weather, 

3 = [( 5.7 - 12.2) 1 5] + 40 log + 20 log 


•12(logf)^ - 17 log f. 



To calculate the c^aximum M level in heavy rain, the part of 

the above equation between bracket [ .] must bo replaced by one 
of the following expressions : 

[10*5 gp - (gp/ 2 )^ - 51 ] for gp ^ 17 
[ 4.57 gp - (gp/4)^ + 19 . 5 ] for gp > 17 

where gp is the bottom gradient of the bottom subconductor in 
klT/cm . , 

S “ Tfpy^S 2S~ 5 

T = angle- betwoon the maximum gradient 
■y = O' for s iiigle and 3~bun(ILo - - 

= 45° for 4 bundle 
= 90 ^ for 2 Bundle 


Ontario Hydro (Oenada) 

B = Bq+A log ■ 'Y'g" jg" + 40 log 2^3^ ® + 20 log 


RA--35 


A = 146 for fair woatbor 

= 120 for foul weather 

B = 40 for horizontal lines 
= 32 for Yortical lin's 
C = 1 for f > 1 MHz 
=0.5 for f < 1 MHz 

The HH field intensity reference valu.'s at 30.5 o radial 
distance are ; 

= 34 dB ±, 6 (50^ Taluo, fair wCcathcr) horii^ontal linos 

= 37 dB + 6 (50^ value, fair weather) vertical lines 

= 63 dS (max. foul weather) horizontal linns. 

= 66 dB (max. foul weather) vortic.aL lines 

The i 6 dB included is -the standard deviation 


BHSL ( Italv^ 

B = 47+38(gg^ - 15.0) + 40 log + 10 log n + 30 log 


= zero for 1 MHz 




D 


ana = 20 log for 5 < f 

= correction for olrvation 


1 10 MHz 


q 

- 300 where q - elevation in metros. 

For hundlGd conductors, is related to max. gradient as : 




g, 




’m 


1 +"P7^ 





EGrU ( czecho Slovak 3a) 


E = 11+4-5 gjjj ~ 34 log D + 

= 0 for f = 1 I-lHz. 

Tlie formula is applicable for b'^twoen 12 & 20kV/cin 
• and -for (Sub-) conductor diafi'etcr between 1.92 and 3*31' cm. The 
distance correct I du is valid botwee-n -iO and 100 ra. 

For frequencies between 0.15 and 5*0 Ifflz, ' ' 

- = -22 log f - 15 log^ f. 


Apple Grov e ; For frequencies between 0.2 and 16 MHz 


B = 48 + 3*5 ig^ - 17.5) + 30 log 


+ 20 log ^ -jQ (i-f) 




RADIO HOISB PREDTOTTOim' FORMJIAS FOR AC LINDS 


M3TH0D GRdDIDNT 3 CX)NDUCT0R FREQUBNCf lip DISTiUTCB Br, 

^ DIAKDTBR S. x u 

_ .id 


Germany kg(gj^-g^) 4D log~|^ 


20 


1 -ff ^ 

log 20Zplog 


2 iQ. 


1 +f 


= 10 log for numb t of cenductora 

0 , , D ‘ 

Japeja '3*7 S^S^,. 40aog 17{log f^-log f) 20 logj:^^- -|- 

O “ ^^0 V 


+12(log^ f^-log2f) 


Hosting- 3-5(g -g^) 30 log v 
hoUSG ® ® ^1 


lO(f^-f) 


D 


C+f, 


20 log-<|- ( ~ )^ 
o 


Ontario/ A log g /g 40 log 20 log —4 

mo a r,. .£><=- 


Hydro 

Gzechoslo- 4.5(g -g^) 
V ika 


C+f 


B log 

^ D 


D^ 


20 log f^-log f) 34 log 
+15(log^ f^-log^ f) 


D 


5 for 750-kY class B= 40 for horizcntal 

^ 3*5 for g=15~19 k¥/cm(GGrmaii) line's 

Kp= 1.6 for frequency range of 0.5 to 1**0 MHz „ , . . . 

A = 1 Afi “Pn-r "ffti-n wn -n-fr'hir*'!* 52 fOT iC-^JL 1311 

0=1 for>1MHz 
=0.5 < 1 MHz. 


A = 146 for fair weather 
120 for four weather 


GS 
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appshdix II 


RADIO ROISB PBDDICTIOR PORMULAS POR DC LIDDC 

iiOtef- 


BP A B=51 + 1 •5(g“’20.9) + 10.1og ^ ■^A 4.577 ” 0.8^4 


^ -40 ^ 


18*'^' 


Rc ia^^r 
S eDrig 


BPA B=214 logT^ - 278 [ log(^) ] ^+40 log g li^g Q.p, ~40 log 


’14 


‘44 


Capon 

BPA 

G-ehrig 

BPA 


Jj 


d. * D 

B=1.6 g + 40 log ^ - 40 log 


B=:B^ + 80 log — — + 10 log + 40 l^'g +4!) i \g 


o 


n 

. r> 


IJ 

Porry p 

T 1+f D., 

Germany ' B=B +K*(g-g^)+40 log — + 20 log ^ 4-28*4 

0 1 +f 

ism r = To + 1-71 (g-g^) 4- 40 log -|^+ 30.8 ^- 


S Vi/SPBR 3=B^+10 log n -f 20 log r -f 1 .5 (g-g^^) 40 lor 


J2 

D' 


£ = 2.65 g < 23 kV/cm 
= 2.0 ^ 23 k7/cn 


RI MBASURSMBi'fTS 


MBTSR IffiSPOlfSS 


I^jPRODUCTM 

Me^-sarcnon-ts of rodio interference froTr eloctricol power 

equipment and lines ha.ve been carried out since the early 
1 

thirties . 1 present, for the ranse of amplitude modulated 

broadcasting frequencies, that is around 1 MHz, such measurements 
are usually carried out with either of two different instrumrnts, 
the CISPR^ and the MST^. Both are provided with a tun-^d band- 
pass: filter at the input, the form'‘'r for 9hHz bandwidth, the 
latter with a (slightly variable) bandwidth around 5 kHz. The 
output of the filter in both instrum'-nts is fed into a detection 
network tonsisting of a half-wave rectifi-'^r, a weighting circuit, 
and an indicating meter me insuring the arithmetic mean value of 
the output voltage from th© weighting circuit, so© Pig*. 1 . 



f'c tcR 
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Pig. 1. Schematic diagram of a radio noise meter. 

Usually, th© instrum-^nts are used for ’qua,si-peak’ reading 
which means that th© weighting circuit is adjusted for 1 ms 
charging time constant and 160 ms (CISPR) or 600 ms (MSI) discharg 
time constant. SJh© mechanical time constant of th«- indicating 
instrument is made suff ic i*=atly long to filter any rapid vari- 
ations and give only the mr ,aa value. In aaditioa to the quasi- 
peak, the MSI instrument also has a peak and .an average reading. 
The peak detector is a slid:; back voltmet-'^r which measures th" 
peak vslue of the ‘modulated output of the' filter* Ih© aver-^go 
detector, also known as ’Field Intensity* detector, has an RC 
filter at the output of bh© detector, which is dosign^-d to pass 
only tho very low frequency eomponsnts ( including dc) of the 
dct'-ctor output and thus give tho average value of th- output. 
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Thfi inteatioa behind “the weight iniS; circujt oi a quasi- 

peak detector is to give a reading proportional to tb* ^ du-jtur- 
bing offset on human being (which is not 'cauru'd by the progr.am 
itself). It is an interesting question ns to who-t r'xt-''at this 
intent ion is fulfill'^d for the ’various tyP‘ s el rndio in in v~ 
ference oncountcrod in.' practice; for rxnjnpli , the cn'.ra.c tor of 
the noise from a dc converter station or a dc lin'- io entirely 
different from that from ac equipment and liu's, or f rofn hoa«:- 
hold appliances. However, this qurstion has be.-.ri d'^hlt with 
els'^where^*^, and will not be discuss c'd h( r>. . 

Instead, another problem will b. analyzed, narm-ly the 
prediction of the radio interferoner from high volta/^o ac or (ic 
syst^'-ms by help of mathematical (or somi-mothomatic'-l) analysis 
of tost data on equipment, or of data from t. st cag-'c '’ru. st 
linc.s, and alsofrom accumulat'^d expi'riencc i'r>m cxir.tirje lin'-c 
of si-milar but not identical design. 

Usually a quasl-pcak r<"ading is utiliz' d for such sbudi^n, 

hut it goes without saying that thr readings from 'n instrurrent 

based on annoyaiice criteria may not n- cossarily b'- su'it'tblf; lor 

advanced mathematical ariOlysis* Thpreforr: w jrk h'*.s ber;n carrh 1 
6 T 

out » in order to develop a better adapt d instrument i-rr this 
particular case, more specifically an instrument b.as’ tl on fch- rms 
value of the noise within the passbond. Th rc efforts h''vr net 
been very successful, ■essentially duo inhcrp'nt limitat.1 uic. in 
the- overload characteristics of the instrument. 

'Th-' authors Sarma and Cavallius have usrei anoth r ap'p roach. 
A superficial study, based on energy C'''nsid."r''it1cns, nVicvjod 
that a conveationnl quasi-peak ro-t'T for pulses in thf hi/^h^T 
ropotition ra,te, and especially for randor.iizocl pulses, might 
give a reading n^t too far"' from the rmsvnluc of the pulses. If 
tnis would bo the case, then the error by using the quasi— peak 
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motor for line coroaa studies would "be -within tolerable limits. 

V* f 

Vilfeli this in* the response of tho t-wo motervS M question has 

boon studied in this paper by computer simulation tochniques and 
compared with that of an ideal rms meter. 

It could, with some justification, bo argued that the 
radio interference from high -voltage power line is a very minor 
problem. Tho overwhelming amount of complaints cone '-ruing radio 
interference arises from household apparatus, industrial plants 

Q * 

and medium voltage transmission system , in the latter case- espe- 
cially from defective insulators. An instrument, -which undoubtoiHy 
is reasonably useful for this bulk of 'instrufii'^nt-s might -well ho 

I ^ * 

used even for the specific case of meoisulrpm-^dts on high vr''ltage 
systems. j, 

\ 

However, this is not the point A fa«^ty ccnclusi'-'u at 
the planning stage, resulting in a too high interf orenco lovol 
of an BHY or UHV line , may force reduction of the operating 
voltage which will have enormous economical aonscquences . This 

emphasizes the importance of a correct predict ion 'of t-ho -lev-ols.. 

Ono, or actually the most important, element in such a prediction 
is the instrumoat itself, and if its characteristics -'do...not lejad 
themselves to , aathematical' analysis, excessive errors may occur.' 

Haber^^ made afi a^iaLysis of the quasi-pcak r*- spans e of "tho 
radio noise meter to periodic impulses -with random'' Wipl it a Cv s*. ■ 

The analysis is based on the pir)bability dc nsity’ of th" input 
voltage to tho detector and weighting circuits . Considering the 
quasi-peak detector circuit shown in Pig. 3, wh!''ro R R-, are 
tho charge and discharge resistors, U is the possitive^ Oncveloyo 
of the input voltage to the detector circuit, and is tho quasi 
p(‘ak output voltage, the charging and discharge current i and 
i^ are given as ' ' ' - . 

-g j , . '■ ' '■! 

i 2L2. 



u - u 


-- ( 2 ) 


i as 

c 



R. 


M — p(a)du - 


u=u 


tp 


where, p{tl) is the proh ability density of U* 



F±g» 2 Qaasi-peak detector circ uit 

t 

In tbs equation (2), i^ is the averajij? charging current assuming 
that ts Yerynearly^cons tant . Since the nvor.igc charging 

current shoilld he equal to the discharge current, the quasi -peak 

value is obtained from (f) & (2) as 
qp ■ . 

cO 

R 

1 ^ = J (a, -tj ) p{ii) (TO .( 5 ) 

° u=u 

<lp 

Iho probability density function p(U) has been obtain'- d analytica- 
lly by Haber for periodic pulses having roctangulorly distributed 
amplitudes, and the integral equation (3) is solved to obtain 

U,_- . 
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The method of analysis descrihi^d sbcfe can he extended 

to study the more general problem of pulses having amplitudes 

ct 

as well as the sep^ation intervals varying randomly according to 
specified probability distribution functions. However, an 
analytical deteiroinatioa of the probability distribution function 
p(U) for the general case is extremely complex. Consequently, 
a digital siMulation technique is used in this paper to obtain 
p(U) for ahy given distributiori of the amplitudes and repeti- 
tion times.' The corresponding quasi-peah value is obtained by 
solving equation (3)» and the average and rms values are obtained 
as 


£XS> 


u 


ave 



U p(U)dU 
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rms 
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1 

p(U) duf 


( 5 ) 


Some results of the digital simulation study are verified by 
a hybrid computer simulation of' the meter response. 

COMPUTER SIMJLATIOH <0? RESPQJ^SE 


The ideal method of studying the response nt a rai;io •ee'0'’‘!€ 
mot'^r is to generate voltgo pulses sim.ilar in shape to corona 
pulses and having known random applitude and pulse separation 
interval characteristics, and feed them directly into tho meter. ' 
Since no such raiidom pulse generator is presently available, the 
meter response can not be obtrained directly from tests. However, 
the random pulses as well as the rooter characteristics' can 
simulated either on a digital or on a hybrid computer. 

Since the meter can be assumed tc bo linear up to the 
detector stage, a pulse input to ‘thh meter may be represented 
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in l:>oth simulp.tlon tocliniquies by n detector input puleo c^rr«:s- 
ponding to the positive envelope oi the first peak f the wovo- 
forro shown in Fig. 2. A rectengul-’r pulse input t'-* th^- meter 
having an amplitude and duration T is th n rrpr*.scntr d by a 
detector input pulse having an amplitude a durati-.n 

= 2/a f and a form def in>'-d _hy a(t), where 

-(t) = i t 1 (6) 


A random pulse input t'"> the meter is nquivalent to a dot-, oter 
input of 

■ U ‘ 

U(t) = 51 N a(t - T.) (7) 

i=1 ■" ^ ^ 

¥hers h. and 3?. arc the random amplitudes and ]''Ulsf^ sea^r't.'nn 

X " , t r ; ,X. '•* i . ' ‘ 

intervals respectively, and N is the number, assum-'d aut'f ioicutly 
largo, of pulses used in the simulation. Bqu.ati’'n ( I0j ir not 
valid in the case when is It'ss then shicv la such a case- 
two or more puls'^-s are superposed within the; bo,ndp‘-'ss f il t' r 
of the meter. A mothed of taking into account the su'eTp-'nitioii 
of pulses is discussed in the Appendix. 

In both methods of simul'^tien, the cosa-vS of ac and dc 
corona pulses arc considered separately. A c uitinuotus sequ nec 
of random pulses represents thv case of dc corona. Under "ic 
conditions however, the corona pulse's produced during th>' positive 
half cycle are tho main sourco of interf c'rcnce. During th-' pc'riod 
Tp af each cycle, pulses occur only daring a' t jmi' 'int>,rv'a T 
centc rodi around • th‘'' positive peak of the site rnat ixi V'*-lt^*go. Ihc 

duration of depends on the applied voltage, conductor sari ace 

conditions, etc. 


') f 
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Digital simalatioa 

In digital simulation, a random detector input pulse 
train TJ(t) having specified probability distribution for the 
amplitudes and the /pulse separatioh intervals is generated, and 
the probability (density d-istributiori p(U) is calculat^-'-d by random 
sampling of the pulse traih. fhe calculated distribution p(U) 
is then used in equations (6), (7) and (8) to obtain the quasi- 
peak, average azid the rms responses of the meter. 


Fig. 3 sho\^s a typical random pulse train. The amplitudes 
b-i and the pulse separation intervals are defin-^d by probabi- 
lity funct?oas p{h) and p(T) respect ivcly* For example, oxperi— 

1 1 ' 1 P ' X 7 J. 

mental evidence shows * | that the pulse amplitudes have a 

Gaussian distribution while 'fh'- pulse separation intervals havo 
and exponential distribution. 

Generation of random pulse amplitudes and separation' inteia/als . 


- qu nee of raii'C’’. rr corr-' ’.pondiii^^- 

to the pulsG heights and soporation in tervolg are gener'^ted on the 
computer using a standard subrout ine'- for .cooiputing uniformly 
distributed random numbers between 0 pnd 1. Consider, for example, 
the probability density function p(X) of a random variable X as 
shown in Fig, 4(a),.;, Th corresponding probability distribution 
function P(X), whi«h is aef.iaod as 


P(x < X) = 


X 

J 




P6x) dx 


( 8 ) 


is shown in Fig. 4(b),’' Th- function P(X) varies between the limits 
0 and 1. If P{X) is now r<"-'p res anted by a random niimher Y dis tri- 
hut e cl uniformly between 0 and 1 f the solution of th'- equation 


Y = P(X) (9) 

gives the desired sequence of random numb€>rs X having the given 
probability density fu.actioa * p(X). 




Fig.4(‘‘^) i^robs’,bil ity density J?ig.4(b) Prob'^.baiity cLi'-itribattion 
function. funct-unu 


Assuming, f o r ‘ 'ins t c p , th^ t t he pul o o ampl i t u d 


f I'l i \ 


mnlly distribut<- a, th- probnbility ci'ns n 'r 'f unction is giv.n "s 

^ 

p ( X) = — e ' ' 

~'Q][2n^ , _ ( 10 ) 

whi'^ro p is the mnAn puls-? amplitude siiil o" ip, thr st'inU'-^.j'd hovi'itipu 
The corresponding probability distribution functiom is given on 


h 

r 


p(h) = 


Ubiii 

2 a 2 


2 ■ 


CJVS-rt 


dX 


in) 


oc? 



The seqacace of nornially ciistrihutod palsG oipplitudes then 
obtained by solving the following intogral equation for h 


Y 


p(h) 



G 



dX 


For a given values of Y, equations (12) can be 
to obtain the corresponding value of h. 
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solvc-d nuDcric^lly 


Since only positive- pulse anplitudes are considered iri this 

study, it is more appropriate to represent them by a truaca,tcd nor- 
mal distribution function* The probability d-erisity function is 
assumed to be truncated on both sides of the moan at { p-a) and (p+a), 
whero (p-a) >0. The dis tributio’n is normalized by making the ar^a. 
under tha resultant probability density function equal to 1*0* 
Equation (12) will then be modified as 



Pi 


£LbL.~ .£.(.P.ral 

p+a) -P( p-a^ 


1 - 2 pCp-a) 


-(13) 


Equation (13) is again solved numerically to obtain h- for a given 
value of Y. 

. . .The pulse separation intervals may be represented by the 
exponential probability d'^nsity function 

P(T) = (14) 


where 1 /y, is the mean separation interval. 

Th^ sequence of random pulse separation intervals may be obtained 
using (9) as 
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T = P(T) = 1 - c 

or T = - In ( 1- 5r) (15) 

A 

Equation (1?) is ttiea solved oxplicitcly to obtain thr r-uiaom ofjp- 
aration times as a function of thr untfnrmly di'-lributo d rr.udun 
number T . 

Calculation of p(U) . After r'’tiuy bh." raud.'»^ do t'cb - i.ipnt 
input pulse train, as shown in Fi/^.3, "by th-- p- b' -'d d‘ surd;' u 
above, the corresponding amplitude probability d- nr.:';'; 1 ;a<;ti.n 
p(U) is calculat'd by random sampling in roch pul'-U' r ’p-’ r'; h 
interval . The sampling is d'rr.i by g-.r^ r- tin-' ag'- in a unit' rnly 
distributed random numb'.-r I, and sol*' c ting th- r.'inriL inr tir 

Tho corresponding a.mplitudc of the pulse tr'vin Mib'in (i 
by calculating U(t ) from equation (10), to.kine int ' r’cee '•Uib bV 
'supeiposition of pulses if necessary. Th'‘ pr-'hobiJ i ty 'I'.'.siby 
function p(U) is then obtained by ennsidoriag a cui f .1 ci rit i y large 
numb''r of samples. Finally, the s'luti'.-n -I' cqu'^bi uin (dj, (-1) 
and (5) gives thr quasi-P'‘”^» avers, g-^ rne tho iit's r; sp .-rin- e' of the 
meter. 
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i INDI A MD GH0IC5 OP N UIT 
FOR PQ^fflR gRAHSMISSION 


This lecture will cover the followjag topics ; 

(a) Energy sources t Transportable and Locally usable: 

(b) Methods of developinent and their limitations in use : 

(c) Comparison between power situations of India and Gananda: 

( d) Power handling capacities and salient features of lines from 
400 kV to 1200 kV: 

(e) Examples of power pools in India: Hydro-electric and Thermal: 

(f) Transmission voltage selection for hydro sites: 

(g) Rate of power growth for thermal stations and voltage selection: 


ifin 

A student or research workrrconcerned with power transmission 
in India must be aware of the energy position in this country* With 
the extremely rapid pace of development of industiy on the lines of 
north Americas, Burfipe, and Jaoan, which cater mostly to the econo- 
mic uplift •t the urban population, which in turn brings the horrors 
of over*mirbanization, one should not lose one’s orientation on what 
the engineers* efforts are doing for the progress of this country. 

It is therefore imperative that w'j understand the nature and extent 
of our resources, the rate of depletion or conservation of the same, 
the energy requirement for any given region or the country as a 
whole, and the methods of planning. 


It might be categorically mentioned at the outset that unless 
new sources of energy are developed rapidly in India, reliance on 

conventional thermal energy sources will bring th? wheels of prog- 
ress to a complete hald within a century, oven if all the hydro 
potential is developed. By the year 2100, with the never-ceasing 
rate of increase of population, combined with the depletion of non- 
renewable natural resources, India will be in dire straits. It has 
been recognized, without questioning or an understanding of' the 
basic principles laid down by Mahatma Gandhi, that some top people 
in the electrical power industry have taken it for granted that 
electrical power forms the basic necessity for the progress of this 
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country. I will keep away from this dehafce, but it merits serious 
thoughts whether the above assumption is true. Be that as it may, 
the development and use of electrical energy places a very great 
responsibility on today's planners and managers, fhia point must 
he emphasized in college and University curricula. Educational 
institutions must instruct as much on energy problems as on the 

control of power by computer methods. 

The above is my personal opinion. 

Electrical energy sources for industrial and domestic uses 
.can be divided into two broad categories, comprising the following 
methods of generation: 

1. Transportable : (i)Hydro electric, and ( ii) Conventional thermal 

2. Locally usable (with limited amount of transport): 

(iii) Conventional thermal in urban load centres: 

( iv) Nuclear thermal: 

(v) Wind energy: 

(vi) Solar Cells, or, photo-voltaic energy: 

(vii) Solar thermal: 

(viii) Sec -thermal; 

(is) Magneto-hydrodynamic or fluid-dynamic energy: 

(x) Coal gasification and liq.uefact ion; 

(xi) Ocean energy: (a) Tidal (h) Wave (c) Thermal gradient 

(xii) Biomass energy: (a) Forests (b) Vegetation (c) Cow dung. 

Sources (iii), ( iv) , (v) , and (viii) can be connected to 
an existing grid also. 

IX ; Hethcds of Power Bevelonmont and Their Limitations 

t The known hydro potential in India is 

50,000 MW (with 40 GW inside India and 10 GW in Nepal and Bhutan. 
30^ of potential or about 12 GW lies in the North-Eastern Region 
in the Brahmaputra Valleys in Irunachala Bradesh and issam) . 

These can be categorized as (a) High-head {26%) (b) Medium-diead 
(47^) (c) Low-head, (< 30 metres) (7%) and (d) Run*^f-the river, 
{20$i) • Presently (as of 1980), 18 GW are developed in high-and 
medium-head stations. Reservoir silting makes the life of a large 
dam between 50 and 100 years, so that re—location is necessary. 
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Terracing of fast-moving streams in the Himalayas can he carried 
out as is the case with Swit zerlando 

In India, low-head and run -of -the rive 2 |plants' have not heen 

developed, although a lot' of planning has taken place for the in- 
stallation of micro-hydel power stations. This is a rich area for 
investigation for one who is interested^ 

2) Ooad ; The five broad categories of coal 'in India are : Peat - 
(4500 BTH/l/b), lignite (6500), Sub-bituminous (7000-1 2000) ^ Bitumi- 
nous ( 14000 ), and Anthracite (15500 BTU/Lb) . 

Only non-coking coal is used for power generation, which is 
estimated as 23 Giga Tonnes (which is 50% of the total deposit of 
this variety) . The present installed capacity in Central India 
using the available coal in that region is 4000 M¥, burning up 
12 Million Tonnes annually. The present rate of annual increase in 
installed capacity is nearly 10^, but this will have to be slowed 
down to 5?'^ annually. In the U.S.A., which is one of the coal -rich 
countries in the world, the annual rate of increase in installed 
capacity is 3*2% for coal-^ired stations. 

The estimated life of coal deposits in India at different 
'TSates of annual growth in install'll capacity is as follow^: 

% Annual Increase ' 5 6 7 8 9 10 

No. of Years for Doubling ' 15 12 10 9,8 7 

life of Goal Deposit, Years 1 40 1 20 1 08 97 88 80 

3 ) Pil l At present, oil is used exclusively for transportation. 
Therefore, none is available for electric-power generation. 

4) Natural Gas ; This rich source of power is not known to exist 
in India to any great extent for even domestic -cooking use. There 
^e' a very limited deposits near oil 'fields v;hich are used for 
runniig gas^i-turbinc electric stations for local use. 

5) Coal Liquefaction and Gasification ; The efficiency of a conven- 
tional thermal station rarely exceeds 25 to 30%. But when the coal 
is liquefied, because the ash content is removed, it can generate 

as much power as 7 to 10 times its wei^t in coal in high-eff iciency 
internal combustion engines. Indiancoal contains about 45% ash, 
so that transport of this ash in coal is very uneconomical . This 
is further complicated by the large pilferage of coal at stations 
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where the coal-hauling' trains stop and tho fact that railway wagons 
are direly needed for food-transportat ion • Ihoroforo, with liquefied 
coal and use of pipe lines, power-goncrat ion can t-kc nlaco at load 

centres with wore reliability if pipe lines o.ro waintainod properly, 

' 'Wunlear Snergv : Eecent events have given this typo oi energy 
a lot of publicity which have exposed in some mo'\suro, the need as 
well as the limitations which India faces. Pranco develops 445 ?. of 
its total national power output in nuclear thermal st'itions, expor- 
ting some to the United Eingdon through the undor-.sou h.C. cable 
(about 2000 m/). Past-Broeder-Heactors are now getting moro widely 
used. In a Iiiq.uid-Metal-Past Breeder Ecactor (LMB'BE) , the fuel is 
mixed-oxide U02 and which is consorvod to some oxtoat by 

converting U238 to U239 and then to Pu239» Presently, tho brooder 
ratio is 4(3^. All reactors use liquid Sodium for hr at exchange and 
no moderator is used as .in conventional thermal reactors* 

In India, there exist very limited Uranium deposdts in Bihar, 
but the wprld’s major, deposit of Thorium lies in Kcr'ila. Hcsoarch 
in using this element in, nuclear reactors is non-exintont in the 
world on which India borrows heavily for its technological develop- 
ment and utilizat-ion. Therefore, India must develop its own rose— 

arch and development plans if its nucloar-enorgy for the; future is 

to be guaranteed. 

7) liM-Massy : It is estimated that 20% of India's power require- 
ments can be met with wind energy development. The Beccan Plateau 
has winds most favourable for large-scale power production with 
average wind velocities of 30 Km /hr blowing constantly. 

Wind mills or turbines can be of the horizontal -or the verti- 
cal-axis types ( Barrie us), with further facility for varying the 

pitch of the vanes to suit wind velocity. Those can develop upto 

1 W at any one installation. A power output of 10 MW will require 
blades of 200 metres in dia and winds of 50 Km/hr. In rural areas, 
a power of 1 K¥ to 10 K¥ requires 1 acre of land. 

Wind power is intermittent in nature so that storage facility 

is tteces,sary. ^hese take the form of storage batteries or compre- 
ssed air. 
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laiest improvetnents are: (a) use of augwenters ■which create 
a vacuum oti the downstream side of the blades, thereby increasing 
the power output by a factor which could theoretically reach 100 
but at present is about 4; (b) Use of a Venturi duct to enhance the 
wind velocity by a factor of 3 at the turbine located in the neck, 

as designed in Portugal; ( c) mounting the Venturi duct arrangement 
on rail'way tracks to orient the machines along the. .changing wind 
directions; (d) the MADRAS system, which uses 7*5 metre dia 30 me- 
tre tall cylinders wheeled on a track by the wind to whbse axles 
are attached the generators; and, finally, (e) the Tornado System 
using a wind tower 600w tall and 200m dia using cheap fuel to heat 
air on the downstream side of the turbine to create the partial 
vacuum. 

Por an electrical engineer, the' challenge is in devising so- 
phisticated control system in order to generate a constant-f reque- 
ncy const ant -voltage from the variable-speed generator, and device 
circuitry for synchronizing, the generators to an existing grid 
system. This has been accomplished by the Bonneville Power Admi- 
nistration in the U.S.A* 

Sg2r.s.y.rQ-ell Energy i Primarily, solar cells were used...f!or space- 

satellites. But, recently, they are f indirig use for domestic power 
supply and in industry. As of now, 1 KW can be generated with 
5 sq.m, of panel -at an insolation level of 400 cal/sq. cm. /day. 
Average Indian insolation level is 600 cal/sq.cm./day - By the year 
1986, the U.S. hopes to develop cells which will cost 4 lOOO/KW of 
peak power. This is the same as the installation cost of a nuclear 
reactor, but the advantages are obvious. In India, plans for re- 
search, development, and manufacture of Silicon solar cells are 
already taken up by the B.H.1.1. and other plants, since this c. . 
can be combiried with thyristor manufacturer. 

9) lMa.e tp-BydrQ..-Dynam.ic Power t The largest MHD generator that has 
successfully completed tests is the AVCO 500 EW unit. Current- 
collection at temperatures beyond 2000'^C has been overcome. Super- 
conducting magnets utilizing liquid-Helium at 4®K give a designed 
field of 8 Teslas, but the usual field strength used is between 2 
to 3 Hot liquid— sodium ifiom LMFBR's have also been utilized as 
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the conductor nt about 550°C in order to develop wore power from 
aad auxiliary M-F~D generator near the reactor. w, 

10) Fuel-»Cell Energy : The first fuel -Cell concept ut-ilized H-0 
.interchange in order to yield, a flow of electrons, while at thr-i 
same time provide drinking-water to astronauts in space programmes, 
Electric automobiles were developed using the same concept. 

The most recent version developed by the Consolidated Edison 
Co. of Kevr York uses a module operating at 190 deg C. Bach cell 
develops 0.7Y at a current density of 0.25 A/sq,.cm. The total 
voltage output of the installation is 15*8 kV, e^dal to that of a 
standard power-station generator. The power output is expected to - 
reach 1 MW* 

1-1') Ocean Energy : Energy from the sea can. be developed in 3 ditie- 
rent ways* ( i) Tidal ( ii) Wave { iii) Thermal Gradient. 

0 

Tidal Power j The highest tides in the world occur at 40 to 50 
latitudes, so that Indian tides are limited. Tides upto 3*5 m 
exist on the Gujarat Coast, at Bombay, and at Hoogly. The U.K. 
t-idal det^elopwent is very extensive, and they hope to develop 
8000' M¥ or 10^ pf the national power requirement by the year 2000'* 
France has successfully put into operation a 2400-MW station at the 
Ranhe-Eiver estuary using bulb turbines. 

Like wind power, tidal power is intermittent and requires 
storage systems. Sea' water is stored in ;-a reservoir at high- . 
tide periods which will flow through tujpbines in the. convent ional 
way at low-tide periods. In Ca.nanda, a unique system exists at 
the Bay of Fundy on the. Atlantic Coast where the power developed 
at- two tidal -power stations is used for running giant pumps for a 
pumped-storagd plant nearby on the St. John River. 

Energy: Depending upon.- wave height, an average power of 25 to 

75 K¥ can be developed- Pdab 'metre of wave length. However, the 
highest power attained to date is 5 Ew/m of wave. The scheme uses 
sealed chambers, closed at the top and open to the wave at the 
bottom. When the crest of the wave passes through such a chamber, 
it compresses the air in one chamber which flows into another under ' 
which the- trough of the wave is passing. This compressed air flows 
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through an air"-turbine driving a generator. 

.. Hhe wost talked-of schemo is in Japan, -where a 200~Tnatre long 
30“i» wide floating buoy (anchored to the. sea bed) has chambers 25 
sq.m, in area. With a wave height of 4 it will generate 3 O MW. 
Bach generator is rated 125 KW, 3-ph, 200V, 950 RPM. 6 poles, and 
47*5 Ha. The power will be used for extracting Uraniu® from the 
sea water -which will be utilized in i4uclear reactors yielding ulti- 
mately 10 times the power from the wave-power station. Desalina- 
tion to obtain drinking water is also considered. 

Ocean jlhermal Power ; This scheme utilizes the natural temperature 
difference existing between the warm surface water (25°G) and the 
cooler ocean-bed ^water (5°0) • A heat exchanger uses the warm water 
to convert lii^uid into vapour, which then drives a turbine-ge- 
nerator unit-* The cool ocean-bed water is then used in a condenser 
as in a thermal station, and the fluid is pumped back to the heat 
exchanger for vaporization of The ocean— bed.. water is brought 

up to the .surface installation through a pipe 20-m in dia over a 
height of 500m or more. With giant off-shore structures having ■ 
been developed for 0 11 -wells,, erect ing power-generat ion installa- 
tions poses no special problems. 

Q£,..£.mHB.E TEMailSS IQIi Y_aD.TA.aBg,_ PQR. IIDIA 

Se ction 3 : Co mnar iso. a. of Power Situations in India and Gananda 

The present highest voltage for transmission in India is 400kV, 
3-phaso A.C. Nearly all State Electricity Boards have either adop- 
ted this level or will be adopting. It is-.a matter of only 8 or 10 
years more when a higher voltage for transmission will be necessary. 
The C.B.I.P. has already focussed attention of concerned engineers 
on the need to have planning done on what the next higher voltage 
should be, whether A.C. or D.C. or a combination of both. Thus, 
Indian power engineers are now going through an exciting period of-, 
planning, and I strongly urge every one 'to investigate this problem, 
from theoretical as well as practical point of view. It is always 
an easy matter to be wise after the event, but-no othor single 
problem has such a socioeconomic as well as human bearing as the 
interconnection pf the entire Indian power pool into a National G-rid 
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At the t^BO SywpQsiUTft of the G*B»I*P. held at Delhi, several 
ideas crystallized on this tnatter. Briefly, the ocnconsus at that 
Symposium was that it is best to introduces, between 1990 and 2000, 
( i) 765 kV (800 M class) as the next higher transmission volt ago ; 

( ii) i 500. kY D.G. for certain point-to-point transmiss ionj or, 

( iii) a combination of both. 

UHY of 1000-kY class or more wight be required beyond tho 
turn of the century. ■ , 

In considering such an important topic, it is worthwhile 
drawing a parallel of Indian power situation with that of another 
couatry-having--sowewhat similar problems. lo we, Canadian power 
development comes very close to the Indian situation. Briefly, 
Canada has a population of 2.5 crores and the present installed 
capacity is 77,000 H¥ with the following distribution: Conventional 
thermal 27000MW, Nuclear thermal 6000 W, '-and Hydro-electric power 
of 44000 MW. As compared to this, India has a. population of 67 «5 
crores, installed capacity of 50,000 M¥ with 40^?' in conventional 
thermal and 18000 M¥ in hydro. Tho projected rates' of growth of 
inatalled Ciapacity for the next 20 years are: Canada 2750 M¥/year 
and India 4800 M¥/year. The power-doubling will take place in 
28 and 7 years, respectively, in the two count ires. By the year 
2003> the total- powers will be equal 'for both coutries at 140000MW. 

■ ’-The situation' in the province of Quebec in Canada comes clo- 
ses-f: to Indian power situation in so far as hydro-electric power 
is concerned with equal amount of. power and distance of transmi- 
ssion as in India. The power from the James Bay area on the La 
Qraado River will be developed as follows: 

Station Delany ManiG-5 lG-1 '10-2 LG-3 IjG- 4 
Power, M¥ 2550 .1000 1140 5 300,. 2300 2600 

Cost,Mpf 500 750 Total for L-a Grande : 12,000 

The distance of transmissdoh from any of the La Grande stations 
to load centres at Montreal and Quebec City will be 675 miles or 
1100 Em, ^ The Hydro-Qubec has extensive experience obtained from 
their 735 kY transmission system over the past 15 years,. With 
such a vast experience, the company investigated using 1200 kY for 
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the Jawes Bay development, but dropped it in favour of the 735 
level* These powers and distances are very close to what they 
are -in India for hydro “electric development in the Himalayan and 
Assam regions, and the Singrauli-Ranigan j area to load centres at 
Eanpur“Delhi“IiUcknow, Bombay, and Calcutta. 

It is well worth noting that the Hydro “Quebec has not consi- 
dered the D.C* alternative, in spite of Canadian experience in ± 

400 kV D.C* operating successfully in the Helson Rive.-'prp ject in t 
the Province of Manitoba. Also, countries such as the USA, USSR, 
and Italy who have planned 1000“kY or more, and Sweden, Prance and 
the U.K* who have planned 800 kY class lines and for higher voltages 
have not- considered the adoption of B.G. transmission* This is 
not to imply that D.C* should not he.-studied for possible adoption 
in India, but very serious thoughts. -must be. given. .. Needless to 
say, Rural Electrification has assumed paramount importance and DC 
transmission, as it exists today, is most economical .for point-to- 
point transmission of bulk power so that tapping for rural distri- 
bution is not possible. Therefor© if there are several tapping 
points and rural lines, the cost of rural electrification must be 
added to the cost of transmission. As of now, in India, generation, 
cost is Rs* 2500 per K¥, transmission Rs. 500 and rural electrifi- 
cation Ss . 2000 per KW, which represents 40^ of the total cost. 

If this is added to R.C. transmission cost, the break-even powers, 
distances, etc will be: different from..what they are in North 
American and European or even South American continents. But D.C. 
transmission, control of stability by parallel A.C. and D.C* lines, _ 
back-to-back asynchronous ties, multi-tearnflinal systems, and so on 
offer one of the richest fields of study and investigation in 
India, where such studies are either in the beginaiag stages or 
non-existent . 

S.gjS.:feigA,.4t Powe.r.Handling_,.gapa.cit.ie..3 and galie.n t. Pea ture..s_..,of, 



The following voltages have been or being adopted in the world 
at 400 kY and above> with voltage value expressed between conductors 
3-phase A.C. : -400, 500, 750, 1000, 1200, 1500 kY 

Bipolar D.C. j, 800, 900, 1000, 1 200 kY 
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-- Ihe power-laandliag capacities of these lines (for.-no scries 
compensat ion) are noi^ially hase.d on the following assumptions; 

1) A«G. Lines ; Equal magnitudes of-.voltages for sending and rene- 
itring ends with a phase displacement of 3Q° which usually -aris.es 
frottt stability considerat ions » 

iil D.C. Lines ; A current-of 1800 Amps is taken to ’flow in each 
.'.-conductor, which is limited by present state of device technology. 

' Eor A*C« lines, based on the above assumption, the allowable 
power, current, and percentage power loss as a function of distance 
of transmission are given as follows: 

1^0 we r in MW , P * 0*5 V^/x L : 

2) Current in £A ;I = 0.299 V/x 1: ^ 

3) .power loss : p = .5D- r/x. 

Here, Y = line-to-line voltage in k7. 

" ' 2 t = pos it ive-^e quench reactance of line, ohro/Km, 

-r = resistance in ohm/Km at 73°0 and 50 Hz, 
and L t= line length in Km. 

!nhe power~handliag .capacity and current admissible are inversely 
proportional to line length at any given voltage level. However, 
the- percentage power loss is independent of, line length but depends 
onlj^on^the ratio of resistance to pos it ivepsequenpe reactance per 
unit^'wtiich is . a constant at a given voltage level., , 

'"“■fhfe following table gives the salient features of lines at 
different voltage levels for calculation purposes: 


*• - , 

400 

750^ , 

1000 

1200 

Av. Height, m 

15 

18 

21 

21 

Phase Spacing, m 

11 

14 

18 . 

18 . 

Conductor Ho. and Dia 

2x32 mw • 4x30 mm. 

6 x 46 mm 

8 x 46 mm 

Bundle spacing 

.4572 

m ■ ' .4572 m 

km 

- - 

Bundle dla 


- 

1.2 m' 

1 .2 m 

r , Ohm /Eia 

•031 

.0136 

-0036 

.0027 

X , OHm./Km ; 

•327 

.272 

. i231 

.231 

% loss 

5.12 

2.7 

. 0.85 

0.64 

Por instance, as compared to 

a 400 kY line 

, the losses 

at 

750 kV are 52*7%, at 1000 

k3r are 

16 .6^ , and at 

1200 kY are 

12-5% 

for transmitting the same 

amount 

if ’ 

of power. These exclude corona 
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losses. SIhe advaatage in using higher vol'tages is obvious for 
conserving energy. 

fhe power-handl ing capacities of line at different voltage 
levels for A.C. transfl^ission are as follows. 


line length. 

Em ; 

400 

600 

800 

1000 

1200 

Voltage; 400 

* 

670 

450 

335 

270 

225 M¥/circuit 

750, 

kV 

2860 

1900 

1430 

1 140 

950 Mw/circuit 

1000 

kV 

6000 

4000 

3000 

2400 

2000 MW/circuit 

1200 

kV 

86 40 

5760 

4320 

3460 

2880 M¥/circuit 


Ihe power-handling capacities of P.C. lines at various voltage 
levels on the assumption of 1 .8 kA per pole will be as follows ; 

Bipolar Yoltage kV ±, 400 ± 450 ± 500 ± 600 

Voltage between conductors kV 800 900 1000 1200 

. I ... 

Power per Circuit, M¥ 1,440 1,620 1,800 2,160 

Phe powers per circuit given above for A.C. and D.C. lines 
will be utilized in this lecture to discuss the choice of higher 
voltage required for transmission of bulk power from Indian power 
pools to load centres, as is being planned for the country. 

SBQPIOI i : Bxamples of Manor Power. Pools in^ India 

Prom a plan wade, for the develonmont of major hydroelectric 
resources in the Kashmir to Arunachala Pradesh areas covering the 
entire northern fringes of the country, it appears that the follow- 
ing H¥ powers have to be transmitted to load centres in the Ganga 
Valley and the Western Coast fiov. 

(1) 2500 KW over 250 Kmj (2) 3000 M¥ over 300 Ktoj 

(3) 4000 H¥ over 400 BiC} (4) 5000 M¥ over 300 Ito} and 

(5) 12,000 M¥ over distances of 250 iOn, 450 Km, and 1000 Bm, 

There is considerable doubt as to the time-at which some of 
these power pools will come into operation. Some planners state 
that the massive power flow from the M.B. Region to other regions 
of the country will take place in the 90 ’s* Others say that the 
installed capacity to be added in this region between 1983 and 
2001 is only 900 'M* Still others state that the installed capa- 


city ia the U.B* Region will amount to 20,730' M¥ "by the year 2000 
A*©* therefore it appears that the-.evacuat ioh-'ci ' power from such 
vast pools of- resources is still a matter for discussion as regards 
the time of implementation. This places a greater respons ibility 
on power engineers to he more certain about data in -order to plan 
effect i'vely in India. However, it is cortain that these power 
pools will be developed and higher transmission voltage then 400kV 
will be necessary. The alctual voltages and the number of circuits 
-jpecLuirod will be diacussod in the next section. 

is evident from the wide publicity given by the National 
Thermal Rower Corporat ion', the major power pool for thermal genera- 
tion is in the 3 ingrauli-Ranigaii j-Jharia coal fields. As mentioned 
befor^ transport of Indian coal from mines to load centres is 
fraught with drawbacks due to large ashJj^ont ep.ts , pilferage, and 
lack of railway wagons. Therefore, as- a National policy, the 
' Planning CoYnmission ha,s accepted mhie-mcuth generation and trans- 
mission to load centres as electric power as the only policy. The 
present installed capacity is 4000 M¥ with a very^ rapid annual 
increase in power which is nearly 16% in the very near future, but 
which will have to slow down to -5% in course of time. Tha power 
generated in this gigantic pool will be transmitted td Bombay, 
Delhi-Kaapur,,.and Calcutta areas. The powers trasmltted will be 
nearly equal in the three directions, and in 'Section 7, the requi- 
red higher transmission voltages and the number of circuits will 
be discussed. ■ • 

SECTION 6 ; ^.igher Transmission 7oltage Selection for Hvdro- 
Blectric Generation and Evacuation 

In the previous Section, the expected power at several major 
hydro sites and the distance of transmission were given. In 
Section 4, the power-handling capacity per circuit at several- 
voltage levels was also given. It- is now a stra3^ht-f orward matter 
to decide on the alternative transmission schemes required and 
should not tax the int'ellig'ence . However, the following Table is 
given for ready reference. 
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fQMQ.T Sis.1;ance... „ ilte raa t iv e Pe s Ign ?o s s xb II it ios 





2. 


Lines 



<4. 

.g.., Lln.es.. 

2500 

KW 

250 Kg' 

2 

of 

± 

400 

kV 

3 

of 

400 

kV 

O 

O 

o 

M¥ 

300 Kir 

2 

of 

± 

400 

k¥ 

4 

of 

400 

kV or 









1 

of 

750 

kV 

4000 

MW 

400 Km 

2 

of 

± 

500 

kV 

6 

of 

400 

kV, or 









2 

of 

750 

kV (70f. . 

5000 

M¥ 

300. Kn 

2 

of 

± 

600 

kV 

6 

of 

400 

loaded) 









2 

of 

750 

kV 












loade d) 

t200G 

1 MW 

250 m 

8 

of 

± 

400 

kV - 

12 

of 

400 

kV 

' 



6 

of 


600 

kV 

3 

of 

750 

kV 



*- 






1 

of 

120C 

1 kV 



450 Km 

8 

of 

i 

400 

kV 

20 

of 

400 

kV 




6 

of 

± 

600 

kV 

6 

of 

750 

kV 









2 

of 

120C 

1 kV 



,1000 Km 

8 

of 

i 

400 

kV 

48 

of 

400 

kV 




6 

of 

± 

600 

kV 

12 

of 

■750 

kV 


6 of 1000 kV 
4 of 1200 kY 

- Prorn tile above table, proper couclusions can be ‘drawn. As an 
example, for transmitting powers upto 5000 MW for distances between 
250 and 400 Si', a-*voltage level of 400 klT, A.C., will suffice. This 
also can be accommodated with the technological know-how now avai- 
lable in India, which ia a very strong cons idera.t ion for making 
decisions. Serious consideration is required for adopting 750 klT .. 
and 1200 k¥ £or dvaadatin^ a petwer of 12000 M¥ over lisi-cdce froa 
distanced from- *250 Km to 1000 Km, that is, from the Alakhananda— 
Bhaglrathi complex in the Upper G-anga near Rishikesh, and the 
Brahmaputra Valley to load centres in Bihar and Bengal and south. 

SSfi3k£2SH t Svacuatipn of Power from Ther m al G-eneration Pool 

In Section II, the lif.e of coal deposit available for electric 
power generation for various rates of annual growth of installed 
capacity was given. With a present installed capacity of 4000 KW 
and for various assumed annual rates of increase of installed capa- 
city, the following table has been drawn up to show the power 
picture for the years 1990, 1995, and 2000. 
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$ Annual 

Increase 

5 

6 

2* 

8 

9 

10 

Power in 

1990, MW 

6520 

71^ 

7870 

8630 

9460 

1 0 , 400 

Increase 

over 1980 

25 20 

3160 

3870 

46 40 

5 460 

6400 

Power in 

1995', MW 

8320, 

9590 

11040 

1 26 80 

14550 

16,270 

Increase 

over 1.990 

1800 

2430 

3170 

4050 

509 a' 

6340 

Power in 

2000, Mw' 

106 20 

12840 

15490 

18630 

22390 

26,930 

Increase 

oyer 1995 

2300 

3250 

4450 

5950 

7830 

10,210 


Therefore, any plans laid down for the choice of voltage and 
aumher of circuits would be based on a tiwe -schedule f or-.evacuat ing 
the powers, which wHl not only -depend on the total ultiTT>ato power 
but also on the increase with time. 

How, under the assumption that the-power from this pool is 
transmitted equally in 3 directions, some indication of. the requi- 
red transmission circuits can be worked out. The distances to 
major load centres are: Bombay-1200 Km; Calcutta - 600 Kmj and 
Delhi - 800 Km. We will further assume that all existing and pro- 
jected 400 kV lines will be fully loaded by the year 1990. The 
additional lines will overlay the existing 400 kY network. I will 
restrict to A»G. lines, since as has already been pointed put, 
major power - producing countries have decided on using A.C. at 
the 750-kY, or- '1000 'kY, or 1200 kY levels. I will-l.oave it to you 
to work out the D.C* alternatives, but keeping in mind that these 
lines will 'rUn in the thickest-populated regions of this populous 
cauhtry and rural electrification and tapping off assume great 
importance i • • 


By the year 2000, the following transmission linos will be 
necessary between 1990 and 2000, when the rate of power growth is 
taken as 5%, 7^^, and 10f^^ annually, that is the doubling of power 
requirement occurs in 15 years, 10 years, and--? years, respectively. 


Pool to -3o mb ay 
(1200 Km) 


U&aiS... ■Yoltg.ge Class Ho of Gircu its 

(Required by 2000 A.D.) 


5% 

750 

kY 

'2 

If 

750, 

kY 

5 

10^ 

750 

kY 

6 


1000 

kY 

5 


1200 

kY 

2 



'f - 
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Direction % 

Rats 

Vol tae-e 

Class 

Do. of Circuits 
(Required by 2000 A.D.) 



Pool td Calcutta 

5^.- 

400 

k¥ 

3 

(600 Etj) 

7% 

750 

k7 

1 



400 

kY 

6 



750 

kV 

2- 


10% 

750 

kY 

3 



1 200 

kY 

1 

Pool ta Delhi 

5% 

■ 400 

kY 

3 

(800 Km) 


750 

kY 

2 ■ • • 


7% 

750 

kY 

2 



750 

kY 

4 


10% 

1000 

kY 

2 


From-.tlie above table, we caa observe that for evacuating 
powei from the GeutraJ.— Indian generating pool, a voltage in excess 
of 750 kV is riot required. Reliability considerations require two 
circuits^ and 400 k? and 750 kV serve the purpose well. As mentioned 
in Section III, the vast experience gained by Canada in their 750 
k7 sysfeem and their decision to stick with this voltage class, even 
after invest igat ing. the 1200 kV A.C. and D.C. trans^^iss ion alter- 
natives, should form food for serious thought to planners for ado- 

pt-ing the 750 kl class for Indian conditions. I offer this as my 
humble suggestion. ■ 
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• - - ■ A AlAPPAA^. R91^R 

Field of iA*0.jjiuesj 

Wisrj; ^ ^of G 0 nd uc t or s 


v/e 

charges 


already described the method of obtaAiieg electrost -<t 3 .c 
on the phase conductoi's from line geometry end voltage. 


Dills is j for n coxiductora as shov/n in Figure 

^ [1] = [P]"’' [V] = [M] [V] 

Id 

where ^ 

[1] = [i,, 42, ••• , aj '^- 

[V] = •■• , \] 

and '■ 


t 


VA 


L 

\ 

\ 




J 


T 

t 


‘•J 




[P] = nxn matrix of Maxwell's potential coefficients 


with 


2H, 


I. 


Ln (g — ) , and P^. . = Ln ( 7 ^) 


eq 


Id 


'■^id 


where H- = height of conductor i above ground 

-i- ^ "" 1 I 

= distance between conductor i above ground and the 
- ' ' ■ of conductor 3 below ground 

•^'ii ~ aerial distance between conductors i and i 

■ ' -P _ rw 1 "I 4.1 , ' . A 

■^eq “ AAY }S ) — the equivaiont bundle radius, 

ij d — , n 

ii = number of sub-conductors in bundle, 

Y = radius of each sub-conductor 
and a = radius of bundle* 


image 


The line-to -ground voltsiges V.|-.to 7^ and bundle, charges q. to q 
arc sinusoidally varying in time. Consequently, tho cloctrosbat ic 
fiold induced at any point near the line is also varying sinusoi- 
dally at power-frequency. Phaser algebra can be used to combine 

the several components in order to yield the amplitude of tho re- 
sult ing fiold. 

E. li . g , S , :^ , y£>Sta-tic. Fiold . of 3/G '^—•phase 1 inr> « 


At a point A(x,y) in the vicinity of phase conductor i with 
coordinates (x,y) referred to an origin, the field strength is 
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B. 






in which 

s 2 


Sj = (x-x^)'^ + (y-y^) 

Its horizontal and vertical components are as follows; 


= B cos & 


,2716 


B. 


B sine s:- 


<1. 


27t 6 , 



Ihe contribution from the image charge conductor i can also 
be calculated* The field components are now in directions opposite 
to those of the line charge. 

sin (90“«7) 


B. 




and 


9. - 
IL 


1 


271^ 


D. 


271 6“ 




s,. 


J. 


2*6 


D . 

1 


7 cas (90-e') 




y+y. 


2* 




where 


=(x“Xj,)^+ 


The total horizontal and vertical compononts at A due to both the 
conductor charge and that of its imago are 


B. 


hi “ 2*6- 


(x-x.) [■ 




X 


B. 


vi ”2*6- 


[ 


y-y^ y+y 


] 


o 


1. 




] 


VI 


Consequently, the total horizontal and vertical compoents of elect- 
rostatic field due to n conductors on the tower will turn out to be 

n 


B. 


n 


hn 


®hi* ^vn i— ”l ^vi 


The total field at point A is 
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Sffecit of S.S. Field oiri Huwans. Aaimaas, Blanta aad Vehislasj. 

3)118 effect of high e.s. field of a e.h.v. or a.h«v. lino is 
important on (a) human "beings, (h) animals, (c)plant life, and { d) 
vehicles. 3)hey also have an effect on fences and buried pipe lines 
located under and near the line. It is clear that when an object 
of finite size is located under the line, it disturbs the field, 
the degree of distortion depending upon the aizo and nature of the 
object. This as luite an advanced topic and will not be dealt 
with here and must be investigated case by case. However, it has 
been found in practical situations.~that tha effects of a distor- 
ted field can nevertheless be ostimatel from a knowledge of the 
undisturbed f.ield. 

(a) Human beings : 

4.x XX 

The effect of high e.s. field on human beings has been more 
extensivlly studied -than esai any other animals o£. objects because of 
its grave md shocking effects which has resulted in loss of life. 
Consider a farmer ploughing his field while sitting on a tractor 
and having an umberalla or canopy for shade. He has the ehanpe of 
being charged by the resulting corona from pointed spikes. When he 
gets off the vehicle and touches a grounded object.^, he will discha- 
rge himself. Also, when a standing on ground a human body is 
pure resistance of about 1500 ohms. If a vehicle is parked under 
a transmission line and Has ' insulated tyres, an-d -a human being 
touches the chassis, the charge acquired by the vehicle will dis- 
charge through the body. If the curreniT is 9 tt'A, which is known as 
the let-go current, then he experiences a shock that-can cause 
damage to the body including^.the brain by imp airing •■‘muscular action 
affecting the. lungs. Por women the let-go current is 6 mA and for 
children 4.5 mA. 

It has been found experimentally that the limit for the un- 
distujrbed field is 15 k¥/m for human beings to experience shock. 

An e.h.v. or u.h.v. line must be design^'d such that this limit is 
not exceeded. Some power utilities are very concious of this 
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regpoas Ibility and have purposely increased the tsinimam clearance 
over and beyond what is-.specif iecl froi^ air-gap insulation clea.raace 
requirement* As an ezampla, the. Bonneville Power Adm in is t rat ion., in 
the USA have selected the mazimam e.s* field gradient to bo 9kV/-m 
at 1200 kY and in-.order t''> do so have used a minimum clearance at 
mid span of 23*2 m whereas they could have chosen 17«2m based on 
clearance required for switching-surge insulation as prescribed 
by the National Slectrical Safety Council. 

(h) 

w X 

Experiments carried out in cages under e*h.v. Idn'^s have shown 
that pigeons and hens are affected by high e*s« fields of 30 kV/m. 
They are unable to pick grain with their beaks properly resulting 
in la.rge spillage which affects their growth. Pigs and cattle 
experience shocks when their bodies acquire charge and they then 
drink water from grounded trougi:^ resulting in a discharge. How- 
ever, this takes place in fields in excess of 30 kY/m. Therefore, 
human beings limit the o.s. field of a transmission line and not 
animals. 

c) Pl-ant I/,i fe: 

Plants such as wheat, rice, sugarcace etc. suffer the follow- 
types of damage. At a field strength of 20 kY/m (BKS), the 
sharp edges of the' stalk give corona discharges so that damage 
occurs to the upper portion of the grain-bearing parts. However, 
the entire plant does not suffer damage. At 30 kV/m the by-produ- 
cts of corona become intense enough to cause harm. These are 
emission of ^ 2 ^* ozone. Further, the resistive heating due to 
increased current prevents full growth of the pLant and the grain. 
Below 20 kY/m the plant is unaffected and this may be cons-iclcrod 
as the limit. Once again, this is above what is safe from human 
point of view* 

Yehicles parked under a line or driving through acquire ' 
oleotro static charge if their tyres are made of insulating- 
material. A parked vehicle might acquire charge because of its 
capacitance, the large^i^the vehicle the higher being the charge. 




Whon a human being contaxjts thc.-veliicle, he has to conduct the 
discharge currant which might amount to the lot -go current • It has 
been found from both exporimonts as well as by calculation that 
existing designs of 400 hV are quite safe and no fatalities have 
bee;i_ reported so far from parked, vehibl^s acquiring charge. How- 
ever, if parking lots arc located under a line, the recommended 
safe clearances are 17 for 345 kV linos and 20 m for 400 klT lines 
Lotries will require an extra 5 'clfearance. 

Eencos, buri'-'d cables, and pipes are , important pieces of ** 
equipment that have been investigated for possible clangor or dama- 
ge when they are located in high e.s. fields. Metallic fences 
parallel to a line lyust-be grounded preferably every 7-5 m. Pipe- 
lines- longer than 3*2 km and larger than 15 cm in diameter are 
recommended to be buried at 'least 31’'^ laterally from the centre 
phase to avoid dangerpus eddy currents that could cause corrosion. 
Sailboats'^’.-rain'_‘ gutters in houses and insulated walls on houses 

' T’', , ^ S' , ' 

near transmission linas are ■ also" aubjccts of --potential danger. 

The danger'bf ozone emanation from the transmission-line conductors 
at-hig,h electric fields.-can also be included in the category of 
damage , to tissues of human beings living near liriss. 

Mechanism of Generation and Gharacterist ics of Audible Noise: 

BHT transmission lines generate audible noise when corona is 
present on the conductors, which is especially high during- foul 
weather. The noise is broadband extending upto 15 KHz from 'very 
low frequency. Corona discharges produce positive and xiogativo 
ions in the vicinity of -the conductora which are alternately att- 
racted and repelled by the periodic reversal in polarity of the a.c 
excitation. This motion gives rise to sound-rossure wavos at fre- 
quencies of doublG the power frequency and its multiples in addi- 
tion to the broadband spectrum, as shown in F'jgi3. Therefore ■ the 
noise has a pure tone-superimposed on the broadband noise. Duo to - 
differences in ionic motions in the case of a.c. and d.c. excita- 
tions, d.c. lines exhibit only a br'^adband noise, aa.d furthermore, 
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the noise gsnoi*p^tocl Xro"’’ a d*c« lino undei* foul ■weathor is noaz'ly 
the same as in.jfair woath'^r. aince audihle noise Xxo" "a|;ransTr'i- 
ssioa line is-.-man-made, it is ’Treasured in the sa^e ’^anner as athcr 
types of-.T«an-made noises such as aircraf t-.no ise, ignition noise, 
transfcimer hum, etc. will discuss the meters used and methods 
of M measurements in a subsequent ciiaptej?'^. 


Audible noise can bo 
point of view, leading to 


f 



a serious problem from 'psychoacoustics ' 
insanity due to loss of sleep to inha.bi“ 



S' C i-l-vvC- 




5'%- 3(i^) Pig. 3(b) 

tants li'ving close to an e.h.v* line. Ihis problem came into fo- 
cus in the 1960*s with the energization of 500 kY lines. Regula- 
toiy bodies have not yet fixed limits to.^AN f.rom power lines since 
such regulations .do not exist for other man-made sources of noise. 
She limits for AN will be discussed in the next section. 


IilTgits fo r. Audible Jjfolae * 


Since no legislation exists for.-the limit of AN from man-made 
sources, power companies and environmentalists have fixed limits 
from public -relations point of-_view. In doing so like other kinds 
of interference, humen beings must be subjected to.listening testa. 
Such objective tests are performed by every civlc-r inded power 
company, fhe first such series-.of tests performed from a 500*.k¥ 
line of the Bonneville Power Admin is trat ion li the USA has come to 
be called Perry Criterion for M limits, fhe limits taken are as 
follows; 

lo complaints . Less than 52-5 dS (A) 

Pew complaints ' : 52.5 dB(A) to 59 dB{A) 

Haay complaints ; Gx-eater than 59 dB(A) 

Design of line conf igurat.iQn at e.h.v. is noxf being governed 
more and more by _ the need to limit the AN level to above values.' 

^t the edge of the right-of-way for the line, where the closest 
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hoase may "be allowod to exist, nuisance caused by AM is limited to 
less than 52.5 dB(A) and will he closer to 50 dB_(A),,. has been done 
for- the BPA 1150-1200 k¥ line. The design aspect wiU, be conside- 
red Xateroon. ^ ' The audible noise generated by a line is a 
function .‘of , Y 

a) the surface voltage ■ gradient on the conductors; 

b) the number of -.sub-conductors in the bundle; 

c) conductor diameter; . 

d) lateral distance from the line to the ^point where noise is 
to. -be evaluated; and 

e) atmospheric conditions. 

Once again, as in most e.h.v. work, the entire phenomenon is 
statistical in nature because atmospheric conditions are crucial 
for operation at these extra high voltages. 

While the Berry .Criterion is’ based on actual listening tests 
and guidelines are form,ed-for limiting valuea of AM from a line at 
the location of inhabited places, other man-made sources of noise j 
do not follow such limits- - A second criterion which evoluates the 
nuisance is called the ‘Day-Night Bquivaleat’. This is based not 
only on the variation of AN with atmospheric conditions but also 
■with the hours of the day and night during a 24-hour period. The 
reasoning behind this criterion is that a noise level th.at can be ' 
tolerated during waking hours of the de,y, when ambient noises are- ' 
high, cannot ba tolerated during sleeping hours of the night when 
little or no ambient noises are present. This will be elaborated 
upon -later on* !■ According to the Day-Night crit'^^rion, a 
noise level of 55 dB(A) can be taken as the limib instead of 52.5 
dB(A) according to the Perry Criterion. 



Audible noise-is caused by changes in pressure of air or other 
transntission mediu* so that it is described by Sound Pressure level 
(SPTi). Alexander Graham Bell established the basic unit for the 
SPD as ^20x10"^ Ne^oa/m^, or 20 micro pascals. (2x10""^ micro bar).,. 
Ail decibal values are^-refeyed to this .. ' ’In telephone work, we have 
a flo'w of current in a set of headphones or receiver* Here the 
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has^ic units 'are 1 irtWacross 600 ohwg which yields a voltage of 775 
wT, and current of 1.29 ’^A. Bor any other SPL, the decibel value 
is 

SPL(dB) = 10 log r( SPL)y(20x lo"^ pascals) 1 

Phis is also termed the ’Acoustic Power Level', denoted by ?WL, or 
siriiply Ai^ level, AN: 


Consider H source, s whoso decibel lev-^ls are AN,j , AN^, 

AN^, * In order to add these to detorn-'ine the resultant sound 
pressure level and decibel value, the procedure is as follows: 


We first calculate the individual sound pressure levels frow 
the given decibel values thus, 

AK^/IO 


SPL 

SPL 


^ = 2X10“^. 10 ^ 1 /'’°, SPlg = 2x10~^. 10 , 

ANjj/10 


^ Ai^i/10 

2x10^-10 ^ SPL 


N 


2x10“^. 10 


total SPL=:SPL^4-SPL2"^'* • • ik-f SPLj^ 

~5 J 

= 2x10^ 10 

i=1 

The decibel value of the coi^'bi^iatioa of sources is 

AN = 10 L0g.^(SPl/2x10’^) 

^ K , N 

= 10 I.og,p -g, = 10 I.og,(j 2 10°-' “i 

i=1 ' • i=1 


Popinalas for Calculating Audible Noise and use in Design: 

Audible noise fro’^ a line varies with atmospheric conditions 
so that there is no one quantity or AN level that can be considered 
as the level. Designers base their results on two quantities which 
are designated the level and 1^ level. These are defin^^'d as 
follows ; 


Level: 


This is the AN level as measured on the A-weighted net- 


work which is exceeded 50% of the time, during periods of rain us- 
ually extending over one year. 

Level: SiJ^iilar to L^q hut exceeded only 5% of the time. 
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The latter asaally is concerned with heavy rain such as is 
generated in artificial rain tests so that it Is very useful in 
correlating with the level according to some formulas. Since 
AN measurements were comwe.nced fairly- rccc-ntly, -tha formulas arc 
an outcome of. .not only the limited number of test measurements 
available from actual operating lin'-'^s.y. but mainly from *cag^* tost 
results and short-line outdoor experimental projects. As mentioned 
under limits for. AN in earlier , each pow'‘’r company must evolve its 
own limits since no legislative control exists. 

"V/hlle many empirical formulas exist (Ref. IBBB Task force 
paper October 1982), we will discuss the use of only one formula 
here given by the Bonne ivelle Power Admiriistration. Other fcrmulos 
are given' later for the use of a designer.'' The BPA formula is 
applicable for the following conditions: 

a) All line geometries with bundles having upto 16. sub-con- 
ductors of diameters in the range 2 cm to 6.5 cm. 

b) The AN calculated is the level In rain. 

c) The formula is applicable for transmission linos from 230kV 
to 1500 kV, 3'’Phase A-C. 

The formula for AN level of each phase at the measuring point, as 
shown in P.igure 5 ^- is, ( i= 1 , 2 , 3 ) : 


and 


ANi = 120 log^Q bog^Q d -11.4 Log^QD^ -11 5. 4, n<3 

( A) 


AN 


^ = 120 log^Q ®ami'*‘55 d -11. 4 log^QD^^-'26 .4- log^Qn 

-128.4 

I 


1 28 *41 ^^3 
^ t(f-) 


Vi 


p- 


t-- 3 




_1 


Pig . 4 
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S 

ami 


cl 

ri 

and -D^ 


average maximuTn surface voltage gradient ori' bundle 
belangitig tc phase i in kV/ctfy 
diamftar of sub-c ncluctor, cm, 

■ 41 . , , 

nu’‘'‘’b!^r of sub-c .v'luc horvS in bundle 
acrioJL cJ istojicc- from phas*" i .to the locatiou of the 


m icro pho no , motr'^s . 


When all dime ns ions are mstre- units, the above become 

A^lj_ = 120 log^Q + 55 Log.jQd ^-11 .4 log.|QD^+ 234»6 , a<3 

= 120 log.jQ + 55 Log.jQCl ^^-1 1 .4 log.jQD^+26 ,4 iog^Qii 

+ 221 .6 , a $3 


Day -Night Eqaivalaut ho iso Level ; ■ 

In the previous discussions the M level of a transmission 

line has been chosen as the L^q level or the value in decible of 

the audible noise that is exceeded for 5 05 : 1 - of the duration of 
pr,eQ,ip:,ita.t.ion. This has been tacitly assumed as tho nuiseiico value# 
ffowever, a more recent criterion vdiich is aotivoly being -discussed 
and -applied to -dth-er man-Hadc 'aS souraos is called the ' - ' - ' 

Day-Night Eq.uivalent noise Level. This has been applied to air- 
craft noise, heavy roa,d traffic noise, etc. which l’.^ads to liti- 
gation among many ag.gr isved parties and the creators of the noise. 
According to this criterion, a certain- sound level might be accep- 
table during the day -time hours when e^ibient noises will be high. 
But during- fehe ixight the sam.a noise level from a power line or 
otli''-r man-made noise sou3^ces could bo founa oby-nt ionable because 
of the absence- of ambioat noises. Tho equivalent annoyance during 
nights is sstimatad by h-’posing a 10 d3(A) penalty. 


Consider an I^q level of a oovrer'li-oe to be M and the day- 
time to last for D hours.' The actual 'annoynace' level hi terms- of 
the day-night equivalent is sp''cified as 

^dn = ^°SlO (24-0) .10^ 

The level of a line is 55 dB(A) . The day -light'’ hours are 
15 and night-time is 9 hours in duration. Calculate the day-night 
equivalent. 
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Solution ; ^ 

= 10 Log^Q[2^^('l5zlO^ ’5+9x10^*^)] 

= 10 Log ^ q'[ 1 0^(47. 43+ 284 »58)/24] =61.4 
= 55+6.4 clB( A) 

The decibel adc.:;r in this case is 6.4 which has iiicrf' ''scu the 
SPL by 4»365' times [10 log^Q4‘>365=6 . 4 ] » The nuisance value of the 
line has been incrcasr-jcl by 0.4 dB(A) by adding-liie 10 d3(A) oen-ilty 
for night hours to the Ah value for the day-timo level. If the 
day-night hours are diiiei'ent from 15 and 9, a different decibel 
adder, would be necessary. 

¥e also note that the 10 cffi(A) penaltv added for night time 
contributes 6 times (274.58/47.43)-. 


- In evaluating the nuisance value of AIT from o.h.v. powmr 
lines,, we are .only concorned about the time duration of rainf-^ll 
and not the total day— night 'hours . If rain is not present ox’''r 
the entire -24 hours but ahly for, a certain percentage of the daj?’ 
and night above, a minimum rata of- rainfall the day-night equivalent 
will-.be calculated differently from what is given. Let it be 


assumod that the percentages of duration of rainfall during the 
day and night are p-, and p, 

V Ci. * * 






a 


■vAi^'/IO 


+ ( 24~I>)-|qq- .10 
dB( A/ 


n ^ ( AiTh- 10 ) / 1 0 


3 


The following data apply for a lino: 

IjQ level = 55 aB(A) ■ D=15, p^=20, P^=50. Caloul.-,to the d.y-utght 
equivalent of AN and LB adder. 

S-OlliiOH: 


^dn = ^°®10^24 ^5.x0.2x10^*^-f9x.5.x10^-*5] i 

, 9.48 + 142.3 

= 58 dB(A) 

The decibel adder is 3 dB(.A) . 

Again wQ note that the nig'ht-timo contribution is n-'-arly 15 times 
the _dayrtimn contribution ( 1 42.3/9 . 48 ) . 



4^j 

" <53 

^X- 

l<i(!>C/^; 
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'*»■■»-. III 

t^xxyo — 

^76rKv 


!t iJ)A 0 


0^^ 


o 


2^ 5 

USS (2- 
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a?/v 
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In the above eciuatioa, it was assuvi'd. thet the- I j^’q levels for 
both day adu night were equal. If this is not th? caso, then tho 
proper values must- bvs used X'/hicli necessitates very careful dxpori- 
ments to be performed on long— teim^'' measurements relatixig rate of 
ra.infall to the Ail Ic-vcl. Such experiments a.re usually performed 
with short transmission lines over a ground or in 'cages'. 

Some examples of AM levrls from bHV Lines t 

It might be inlormative to end this chapter with data of the 
performance of some line des3.gns in the world based on AM limits. 

1. The BPA has- fixed 50 ciB(A) limit for the noise level 

at 30 m from the line centre in rain for their 1150 kV ' 
line operatiiig at 1200 .kV. This was bas^^d on experience' 
gained, from the 500 kV linss upon which Perry establd.shed 
the limit criterion. 

2. The ASP, UHV Project of the EPRI, and other designs fall 
very close to. the above values . 


3 . Operating 750 kV lines of the ASP gave 55,-4 dB(A) at 760kV. 
At their Apple Grove short-line outdoor project, the value 
obtained at 775kV was 56.5 dS(A), proving that short-line 
data can be roli'-'d upon to provide adequate design values. 


4. The Hydro -Quebec Comp, -ay of Canada gave the follovring cal- 
culated AN l''’V. Is at 30.5 mocres from the lino centre. 





Ganductor . 4x1.165-" 4x1.2" 2x1 .602-’' 4x1 .3824' 3x1 .3021' 

„ ' ' i' ( 0 . 1*296 m) (Qc^ 395 m) (.0407 m) (.0351 m) (.0331 


Bundle 

18." 

18" 

18t 

18 " 

18" 

S.p.ac ing I 

( .4572-'m) 





£h.ase 7 

- ;^_41 . 

45 ' - 

344 

. 50 ’ 

34'- 

Sjaaaias) 

( 1 2 .5w) , 

' ( 13 •72m) 

( 10.37m) 

(15.25m) , 

, (10.37m: 

M ld*vgl., 

mji' 

4 '66 

J 

58 . 5 ''' 

57 

55 

52 



PRQBLEFS ARTS MG FRQl'! 

la this lecture the nature of probier's caused by overcurrents 
and overvoltages X'j’ill be described.. 2 


t - ^ 

8 -) Overcurrents 'are genera,ted by Short circuits in th>-' system and 
due to lightning. 

b) Overvoltages are the result of switching operations, lightning, 
and resonance conditions. 

These are disturbances to a syste'^'-' that rust be e ithor , rorovod 
or suitably protected against. 

The following topics will be described here. 

1 . Short Circuit Current and the Circuit Breaker... 

2. Recovery Yolta.ge 

3* Interruption of Low Inductive and Capacitive Currents. 

4* Overvoltages on Bnergizing BHV Lines (Closing and Reclosing) . 

5 ,• Ferro-resonance conditions. V 

1 . Short Circuit Curr en t and the Circuit Breaker 

Consider a simple syster with 2 generating areas and G^ 
connected through 2 lines and fG'.‘diLi.g a load, Figure 1 (a). Trans- 
fencers are also included. Let a short-circuit occur at the load 
has, necessitating the breaker S to opea to isolate the faulted 
bus. The questions ai’e what are the stresses on the hreofkcr 7? 


The single-line diagra’n, negl.-'cting all ros istances , is shown 
i|i Figure. t(b). Usually, the 'intro duct.ion of resist.ances will- 
change current values by not more than 3 percent. The a.c. co'mpo- 
hents of short circuit currents fed by the two gener.eting areas are 






V. 


^g2 ^t2 


For simplicity in developing the main idoes, we take Y-j=slf2*='^ 



\ (V) 


L-nnr? 

I 


C 

Ki-b- 


V 
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In modern high-speed c-ircait hr-^akers ( ^^cycl??) contacts 
separate in a,b...at 30 to 40 Tniii Igeconds (’^■'S.) after in it i n,t iiig the 
-s-c, which is governed by the operating titfo of the protect ive.. 
system. This tima is slightly longer than the sn-bfrans iont tr^o 
constant I** of- ^m?!ll and Tviedria^-i-size generators and is nearly 
equal to that of large turbo -alte rhato rs . ^ Therefore, in general, 
the reactance used is the tr'-'nsh'nt reactance X’^. For calculating 
the first peak of s-c- current, the reactance to be used is approxi- 
mately ^ X’^. In-torT"s of the rated pow>'r of the generator, the 
generator reactance used is X = X’,. V /P f wb^-ro V /P is tho 
base inpedance and is the per unit value. For turbogenerators 
of 500 KVA rating, X»'^ = 0.2 p.u. and X’^ = 0-3 p.u. For 1000MVA 
sets, these will be-. close to 0.3 and 0.45. p.u. respectively. For 
Dn-ialler sets, they rnay be approximately 0 -. 15 and 0.2 p.u. respoc- 
t ively . 


9 

For transformers, X.^. = V /P.j., whore 

K is the 

p.u. value 

P.j. is the transformer rating. Usually, P, = 

P^ for unit -connect' 

sots and for entire 

stations. Typically, 

= 0.10 to 

0.15 p.u. 

For lin<^s, the 

ohmic values of positive 

-sequence 

quantities 

are given helow fop 

0 s t i m at i: a pu r bo s e s o nl y 

• 

1 

System Vnltaa:e 

220 kV 

400 kV 

750 kV 

No. of conductors 

1 

2 

4 

1.J, mH/Em - 

1 -34 

1 .03 

0.875 

R.| , m-ohm/Km 

80 

30 

15 

G ^ ' nF/Eji-’ 

9 

11 .75 

13.5 

Z.J, ohms 

380 

300 

265 


In prs-ctice, X’^ ^0*5 which gives an estimated current 

of tvrice- the roted current through tho liigh-voltage winding of the 
transformer. ‘ ' 


For very high v-Dltage hreakors' the new I.F.C. (International 
Floctro Technical Commission) recommends the specification of 
current rating and not .the .short-circuit power rating. This gives 
more liiformation to the ^designer of 'the breaker and th-" systcro 
engineers. 
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’ WTa^;a the d~c co'mpoGont is include cl, the total s-c curecnt 
wil,! he 


.1 =* 


XZL, 


f(E^+X^) 


[ CO s ( wt -{^-6) -CO s ( 9^+0-) 


•t/T 


where tan ©■ = X/R and T' = 


The' variation of s-c carrent with full d-c olisot- is shown in 
Figure 2. The I'.B.C- recoi^i^^onas a time constant T’=45ms. As an 
example, consider a 400k¥ system with o, generation of 2000 MYA* 

The ncrniel current is- 2.»8 EA and the s-c current wall he about 
6 kA, r»m.s« The maximum interrupting current of the hroakrr occurs 

, Lw-tv'.-Oj 

1/2 cycle ! when ifes value is - . 

K - ' ' 

I- = I = 1.8 ¥2 I 

For the ahovo case, = 1 .8 V'T s 6 = 15*3 KA» 

It may ho of intrest to note that air-hlast circuit hrcaJeers 
are avialahle for 80 KA- and 8 Fg hroakers for 90 KA* This shows 
that a. system erigino'-r must k-^op s-c levels -down to what currently 
availahle circuit" hr f^akers can hanc'ie. In 400 k7 networks this 
maxp-murn is 40 KA» ■' 


It is evident- that the d-c comroneut must decay fast in order 
that interruption might take place- at t ho. first current zero. 

Since contact separation occurs 30 to 40 ms (- 1 ^ to 2 cycle)affccr 
fault init iat ion, , the d-c component decoy X'j'ith 45 ms time cons-tont 
is-adequate to bring it down to about _ 40 percent of maxi- 

mum value and a, current zero can occur. 


Single Phase Short Oircuits 

_ 80 percent of all-.faults iri a system arc- single phase. How- 
ever, the s-c current magnitude, recovery voltage and the stresses’ 
on the hr^-aker are lower than for 3 -phase faults. Even, though 
3 --phase faults occur in 10 percent of the .cases, .tho circuit brea- 
ker has to he designed for this tyro of fault. 

The ratio" of currents for thOvSo two typ-^s of fault is 

dph/hph = V^id 
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•whore X^, X^ arc- the zero-sequence and pos it ive-sequ-'iice reactances 
of the syst-e’^i upto the fault* VJhen the noutrai is solidly groun- 
ded, 2^/X^ ^ 2, so that thi s inglo-nhase fault gives 75 percent of 
the s-c current under a 3’~phose fn.alt. 

Lelavr-d Current Zero 

When faults occur very close to largo power stations, (grea- 
ter than 1000 T-h/’A) it is very difficult for s-c currents to pass 
through zero quickly b' cause the line reo-ctance is not present. 

This is a severe condition on the breaker on the h.v. side of the 
gon>'-rator-transf orioor * However, the arc resistance usually contri- 
butes on an arcing fault to aid interruption. 

For generator breakers, the s-c current is higher than on the 
h«v» side '"’f trayisf ;.r'^'''crs usually by on-e order of riagnitude. In 
order to interrupt, sa^, 100 KA, air-blast hrearkers with a higher 
o.rc voltage are preferred to SFg br-'>ak‘=^rs in order to bring about 
current zero. Brao-kcip with multiple intorrup'ters are also used 
•JO fui’thar increase the arc resistance. 

2= IF COVBR? Y0LT4OE 

In addition to interrupting the s-c cur-rent, the breaker has 
to- withstand the recovery voltage a.croos its separated cantaebs. 
This voltage can have a single frequency or can conta,in multiple 
frequencies, ' depend'iiig on the connected network. For single-fre- 
quency circuit, it can be written as 

= V'2 ¥.k. (cos wt - cos w^t) , 

where w;^ = 2F/o to. = 2«X natural frequency, ' ’ ' 

and k = constant that depends- on the type of fault and the 
connected .network choxact'erist ics . 

Previously, an amplitude factor g iv ing -the' -rat-io of peak 
value of and the... power— frequency voltage peak was used, but the 
recent I.E.G,. recomyeadat ion covers only t.he peak value of the 
total rocoyory voltage iiicluding th® hr-f component or com-oonents. 

The ra,te of rise j of . -recovery -voltage determines the ability 
of the qu'enching-,Tnediuy to" interrupt the arc, since -‘the rate of 
rise of' dielectric strength must exceed this BBRif • ‘This has given 
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rise to great controversy locii. u 
dations, are coasid''^r’d too sov^ i. t) 
with longer linos and lovror n^'tur-i] ' r t- ; 
syste^i. -The initial nto oi rise oi ’ 

(HR?) has oscillations on ^it cauc <■ b, 
of lines, bransf orders , and g' n r'bor:’., “.o 
confusion as to hox'r this bs to o ■ d-e, i 
■ciep-->nci furth>'r oh the type 'of fault (1-nv 
with and without earth) nnd thi.' Gy''' 0 ^ 
isolated, or earthed through ir'-'oed-uun o, . 
on the power“f reiucncy and tro.nsi nl ct" 
very voltage. 

In so far as determining the C'Ser-iC'.- 
voltage, two types oi faults are coiio '! ae re i 
and ( ii) the short-litie fault. 

ferwinal Faults (IR) 

These Involve the maximup-’ n-c cu 
earlier, 3~phas8 teminal faults yiela 
conseoLuently the p’ost severe r'"'COV‘ r* vol 

In a 3“phase fault, if the circoit-i ■■ 
time --del ay in opening, the first nolo ti" e] 
highest recovery voltage. By tlie tjm- i,d • 
current, the power-f requency rfcovor' v.;.',:* 
fix'st phase since the transient cop’nonc 4 .< < 
For an unearthed 3-phas9 fault tho iiiot no 
experience a peak recovery voltage of 
the phase voltage after interrupt ion. c.i t 
3-phase fault involving earth, it in 1 .7 ( ,•, 

S ho r t -L ine F aul t ( 31F ) ‘ 


arriving on this line are suporimponod on 1 
rise to highest re'eovery voltages as shown 
source-side voltage has nearly the same ch; 
terminal-.f ault In many .breakers the into, 
and maxipiiuffi’ brpak-ing current arc dotor^iruM 
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It can be ^sho-wn ,th?:t the highest. xate oi IRV in. the case of " 
the s'h'ol’t ~1 ine fault occui’s .xirhen the faulted phase is the last to 
clear on a single-phase to e.arth fault vhen all 5 poles are set to 
open-.” delays betw-'^en orening of pol; s cannot be a.voidod '-if 

circuit br-'-akers are poorly ^laintaiacd® 

The stresses In a circuit br''a.b''r can be reduced by copncct ing 
resistances or capacitances in narallol which reduce both the , TRY 
and the peak value of transi'^nt volt'ge under very high s-c curr- 
ents. Resisoances are usually preferred for air blast breakers 
and capacitances for Sfg breakers. 

Definition of Rir-)COVcry Volte.gc (Transient Go^^i-poncnt) 

( n) ar ai^i e t e r def in it io n 

-Tho transienb recovery voltage used to be defined through 2 
parameters; ( i) the magnitude, and ( ii) the rate of rise. 

(b) 4--'Darameter definition 

With large interconnect ions in a system,j, the 2-parameter 
definition has been superseded by the 4-parampter definition, which 
is shown in Figure 4. These are V.j , 7^, t^ , V.j/t.j).,,, The 

initial time t.j is usually equal to twice the travel time of the, 
wave. pU' the sho-rtes-t'‘'‘cbnneciipd line. 

-The capacitance of the grounding -grid system .also helps in 
some measure to keep the initial rate of rise lower than when .it 
is neglected. , 

^The I.B.C. recommendations for type tests 'on these two types . 
of faults are given below; 


Terminal Fault 
( TF'j ' 


J 



First Peak o'f 

¥t.P.UI 

- gp-*-— — 1 

• dY/dt 


Current 1 .95 

or i 

5kY/ps 

• 

2.25 




1 .95 

or 

5 


2.25 



60 % ■ 

1.95 ' 

or 

2 ■■ 

, 

- 2^25 

- 


00 % 

1 .82 

or 

,1 _ • '• 


2.1 


J 


Re vis ion 
5.5H2.6kY/ps 

5 

.3',. , - 
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Single -phase 


Short -l.ino Fault 


First 'P eak of dV/dt R ev is ion 

100^'*- 1 .82 or 1 ! 2 


Assym^otry 2*1 

! 


1.95 

2.5 and 

f 

or 

3.5 


2.25 

i 


60% current 0.6 4 

6 


90% current 0*16 

9 



3« QTBRVOLTA&BS ON CIO SIRS OR RFCLOSTimG- 


Overvoltages caused by switching operations r’ight exceed tho 
insulation level of linos and eAuipmr.nt and cause flashovers. 

Some measures taken to ■minimize these overvoltages include 
(a) insertion of series resistance at the source when switclijngj 
(h) surge arresters, (c) drainiig of t-r'appod charg'^ on lino X'rith 
inductive potential transf 03mT'ors, shunt coTiipensat ing reactors, or 
power transformers, ( d) closing tho break;r poles, at tho instant 
when the source voltage is passing through the same polarity as the 
trapp'ed charge. 

Normally, the highest ovorvol tag '■'S. occur when unloaded B.H.Y. 
lines aro energized or re-energizod from an infinito source. 

The switching overvoltage consists of high-frequency transient 
component superimposed on the power-frequency voltage. 

Consider a 3~pkase generating station shown as the voltage 
Vg in series with a reactance energizing a lino of length 1, 
surge impedance Z = fl/G, wh:;re 1 and C aro tho distributed in- 
ductance and capacitance per unit length. For simplicity, ground- 
return -effects are noglocted. ' - ' , 

The initial voltage on the lino is zoro when th^ circuit- 
breakor S is open while the final voltages due to Ferranti Rffoct 
will be 

' ■ Xq 

Entrance voltage ; = Yg cos al/(coa al- sin al) 

Open— end voltage ; Yq = Vg/(cos al — — ^ sin al) 

Here, a = 2nt VXc, X- '^rave lehgth at power frequency ( = 6000 Xm 

for 50 Hz) . <L - ^ j'h • 


,1 
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Tlio ratio Z/Xg is def-in'^o as tli3 sliort~c ircu it power Pgg 
of the supply to tlio syst’er'-'. 

As an Gxawr)le, for a 2000 WJA 400 kV source witli Xg = 1 p.Uji, 
energizing a 300 Kir lino with Z=320 ohi^‘’Sj Xg = 400^/2000 = 80 ohms, 
and Z/Xg = 4* Also, 2 'ji 1'/A = fke Porranti Effect gives 

V =1.14 p.u. ^jid = 1.09 p»u. The surge— imps dance lo'^dj-ng is 

O Q 

SHj = 400‘^/320 s 500 MVA, and the short-circuit power is = 

4 X 500 MVA = 2000 MYA, which is oqual to the source, rat ing sinco 
Xg = 1 p.u. 

ln/hen a line is initially energized, it has no" trapped charge, 
hut when it is reclosed after clearing a fotUlt, the h'=althy pha- 
ses retain a trapne-d charge. In practice, the overvoltago at the 
open end when closing on^a trapped charge exceeds 3=5 p.u., while 
it is between 2 and 2.8 'p*^* without trapped charge. However, 
during single-polo r^^closure, trapnad charge is not present since 
only the fa,ultod phase is energized. In e.h-.v. systems, trapped 
charge is vary rarely present snice shunt compensating reactors 
at both ends help to drain the trapp'^d charge. 

■ Further- diff icult ies are , encountered when the three polos do' 
not close s imultnacnusly . This time delaj?' is about 5 ma even in 
broak# rs thot are properly maiiitained. iftiea the first br'-aker 
pole is closed, capaciti-ve coupling pl<acos a voltage on the other 
two phases which corresponds to ab-'ut 20‘;;i normsX tr.apped charge 
due to mutual capanitanco . The other polos now closo on this 
trapped charge. Although non-synchronous closure appears to yield 
higher overvoltages than with' simultaneous closure, in certain 
cases, other factors chiefly ground-return currents might actually 
keep the overvoltage down. Under synchronous closure, oarth-return 
effects are not pr'osent, as ho,s been vorif iod from model studios 
by the author. 

Interconnection of the system with more than on^'’ gen or* -it ing 
station yields lower switching-surge magnitudes j however, ono must 
be prepared for the worst. 
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4. LIMITING OTBRVOLTAGBS 

Overvoltages hovs been, shown to c’cioiet oL the power-frequency 
coniponent and a h-f component. In ord'^r to limit tho steady-stoto 
power— I requency component, shunt compensating reactors are used in 
o.h.v. systems at "both ends of a I'^ng line. These also are bene- 
ficial from switching operations as has boon montionod earlier. 

Ififhett no compensation is used, the ratio of far-end voltage 
to the entrance voltage is = lycos al . Eut with compensating 

reactors provided at both ends, and neglecting resistances, the two 
voltages are; 

¥ = (cos al + ^ sin al) V 

= ¥g/[( 1 + 2Xg/Xj^) cos al + ( Z/X^^+ZIg/Xj^^-Ig/Z) sin al] 

The travelling“wa,ve or transient component co^n be reduced by 
the following schemes; 

Reduction of Transient or Travelling have Qomronent 

(a) li/hen pre-insert ion resistors arm used, part of the total vol- 
tage appears across tho resistor which reduces tho voltage boing 

li ' '* 

fed to the line. The rosist.a.nce is nearly equal to the surge im- 
pedance of line in most cases and is short-circuited or shunted by 
an auxiliary breaker after a pro-sot time of nearly 1/2 cycle. 
However, the optimum time as well as tho opt imum. volue for this 
pre-insertion resistor must be ascGrtain^d from model studios on a 
-Transient Network Analyzer or by Digital Computer calculation. The 
maximum value of switching surge ovcrvoltago in this schi-mo occurs 
at the instant the series resistance is taken out of circuit by 
the auxiliary breaker. 

The optimum -value depends upon ( i) line lengths, ( ii) the 
series reactance behind the line, i.m., the short-circuit power 
of the. source, ( iii) the degree of lino compensat ion, '( iv) the 
insertion time of the resistor, and (v) the surge impodancos of. 
bhe switched line .as well as afiy connected lines. Since the number 
of connected lines can change during the switching operations, 'a 
value higher than the optimum value is usually selected. 
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(.b) The single-resistor schc-me can bo modified to two-stage or 
multi-stage closing rosistoi'S. This mn,k-'S it possible to insert 
a high^-r resistance in the beginning a.nd then lower this value in 
steps . 

(c) Draining of trapped cha,rge-by shunt compensating reactors, 
and inductive p.t.’s® Tra.nsf orm ^r-tl^rmin^ b^rl linos remove the 
trapped charge, but there are serious problems of resonances 
caused by the non-linearity of the mqgn-t izat ion charact f'-rist ic 
when switching in. These have to be invest igated in any parti- 
cular situation. 

( d) Reclosing circuit breaker on a line when trapped charge is 
present at the instant when the polarities of voltage on both 
sides of the br' aker-cont o.cts a,re the same. Such schemes reduce 
the overvoltages down to 1 .5 p*u. 

5 • OVERVQLTACtES caused by OTERRU'PTIQ^ of LOU IlTOU'GTI^rB gURREDTS 

These occur when a noimpal ddsconn^’ct ion of an equipment is 
made. Overvi-^lt^ges occur by premature reduction of current to 
zero when low inductive currents are interrupted. Certain t^/pes 
af breakers use the arc current to aid the flow of arc "extinct ion 
m-'dium and therefore the interruption will net take place at low 
currents. Examples of low iiiductive currents are given below: 

Transformer on no load : 2 to 5A 

Ro actor-loaded' t ransf orir'c r: 400 A 

High-voltage reactors : 100 to 200A 

'The overvoltage magaitudo is- usually an int^r'^ction between 
the circuit br‘'akGr and the system. 

Figure 5(a)--shows a sourco-linc-inauct ive load such as re- 
actors, transformers, or motors. I'/hon the switch is opened, an 
arc is produced and when app'roo.ching current zero, it osciliatos 
because of discharge of^C^ aiid through the line with a frequency 
^3 ~ ^1 ^ which is-.equixralent to and Gg is 

series with 1. The arc-quoachlng medium may blow the current out 
causing 'current chopping'. 
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Th .0 chop'ocd currOiit tiow flows ijhrougla fiic lood iriluct aricc l^. 

IhG stored energy is(^ 1^ + ^ oscillntos at tlio 

natural frequency ^ whicb is usually 200 to 4 OO Hz 

'fof''b.. transforwor on no load 'and 1000 Hz for a shunt rr;a,ctor« 

‘ ' . . ' . i 

Maxin'uai voltage occurs when all this energy is stored jn the 

capacitance C 2 « ' 


°2 = °2 * 


giving 




On the source side builds up with frequency f^ 
which is between 1000 and 5000 Hz« 



(L^G^) 



If ig^ is relatively low, ''^a ~ ^ ^s overvoltage occurs. 

If the current ie.. chopped at the peak: value, = 0, and 

modern grain-oriented laminations in h.v. trans- 
formers .because of low saturation, overvoltage is reduced, v/hrn 
no-lOad nurrent is chopped,, the following average oyorvoltage 
factors m'ay be expected. 


V 

/ 


1 lOkY 220kY 400kY Y5QhY 

f;U- 3 _ 2.5 .. ■! *8 1*2 

Reactor-loaded transformers yield similar over-voltages. 
Isolation of shunt reactors with 100 to 200 A and having a surge 
impedance of 35K to 65K give an overvoltage^i' actor bQlow 2.5- 
The chopping current in most cases is 20A, maximum. Both surge 
arresters and seri‘''s breaking resistors lower these voltages 
cons idarably . 



When lines are dropned or capacitor banks are switched off, 
overvoltages a.re generated. Consider Figure 6 where the line is 
represented by a lumped' capacitance 02* Before interruption, Y^ = 
¥ 2 " ' After t ho current is int->rrupted by the breaker, O 2 remains 
charged to f2/V"3, the peak of the^ sourco voltage- However, 
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thG source voltage. changes its veluo on tho power-f requency 
sin© rave end s(3’"''0 oscillatjon due to Tlio Ir'^aker voltage 

is. consequently^ 

= Yg ^ (1+k) • Usually j k>.1 « 

For k=1 , the iDrcaker voltage- is tixice tlio peak value of source 
voltage. If this insulating ’'•'adiuf’ has not gain^'^d sufficient diel- 
ectric strength, tho arc '^■'ay rcstriko and connect the line hack to 
the source. The phenomenon is just like onergizing the line -^.rith 
a trpped charg' equal hut opposite to the source voltage. A curre- 
nt will therefore flow iti the line through the breaker • Ihe cir- 
cuit is enterrupted again at the peplc value of voltage and the line 
holds a negative voltage. There might he r’~nowed rostrikes causing 
switch failures. 

It is therefore evident that restrike-free breakers are--ess- 
ential. Modern SPg and air-blast breakers meet this requ ire^’ent . 
Lines having shunt reactors cause lower frequencies of oscillation 
and they may aid in proper interrupt ion. But here also restrike- 
free interruption is necessary. 

Capacitor banks also- cause the same stresses on the circuit 
breaker. - . - . 

7 • FERRO -RBSQII.4I^-GB QYBRYOLT AG-BS 

Partial resonsnee' conditions occur in power systems when 
unbalances occur so as to place capacitances in series with induc- 
tances. Examples of this type are shown in Figure 7(a) where a 
3“phase transformer is fed by a long cable from a substation. ■ 
Under normal operating conditions, the cable capacitance to ground 
is energized by the phase voltage and the insulation will withstand 
this voltage. However, supnoso one line is open such as occurs 
when a fuse blows or-^when circuit -breaker poles ,do not act synchro- 
nously but one pole makes much later than the other two. Tho equi- 
valent circuit is .shown in Figure 7(b) from which it may loe noticed 
that tho cable cap.acitance is in series with the transf oim-'or induc- 
tance in the- open phase. If the cable is long and its capacitance 




highy the r''Sona.nce frequency r-<rxj appro '^cli poorer frequency which 
gio/es rise to full r'^sonance • The condition when two linos are 
open is -shown in Figure 7 (c). 


On account of thC’ high voltages, either the co.blc or the 
transforn^or or both Tna;^>- suffer to their insulation. In 

general, the rnagnot izat ion curve ct th*^ transforT''’f r works on tho 
non~linrar portion so th,?,t a ■•’abhr-'^'‘'at ical -analysis presents 
difficulties. But cither a series apnroxi^^at ion to tho B-H curve 
or a step-hy-step graphical analysis is possible. 


-- Ixperimcnts have shown that grouncLod-vTye crivici.ry winding 
per’^its longer lengths of cable than anj'' of the other possible 
connections such as delta or ungrounded ~Y, because the three 
phases arc essentially isolated frovi each other. Burt V. rmore , 
working the transf orf-'^r on the linear part of its B-H curve also 
is less dangerous than when tho flux density is on the non-lin ar 
portion at the working voltage. ReT^iodies such as switching a, 
traiisf orTiicr with, a 5 percent resistive load have also bconi sugges- 


ted. 
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LIITS-PARAMBTER CUiClTLATIQljS ^ilTH aRQUiTD 
This chapter will cover the following topics ; 

1 , Calculation of conductor resietaace with skin effect 

2 

2. line I R losses and temperature rise of conductors 

5 . Properties of hundled conductors 

4 « Inductance calculation with ground 

5. Capacitance calculation with ground 

6 . Resolution into sequence quantities 

7 . Modes of propagation on 3 -phase lines 

8 . G- round-re turn resistance 

9 . Gro-undrrreturn inductance 

10. Maximum surf ace -vol feage gradient oa conductors and corona-incep- 
tion gradient. 

Section 1 : Resistance of Conductors and Skin Effect 

Conductors used for ©.h.v-« lin'^s are usually ACSR hut with 
high tensnlo strength aluminium available, ACAR is becoming increa- 
s ingly common. The space occupied by stoel in ACSR is taken by 
aluminium in AGAR. VJhen steel is used, due to the high permeability 
and inductancey no current will flow in it. In AGAR,' current flows 
in tho entire metal and more current can be used. 

If Ug = no. of strands of AL, dg=dia of each strand, and 
fg_=specific resistance of Al, the resistance per kelomotre will be 

R = Pg_ . 1 .05x10^ X f x -^2 ^ 5 :^ = ■'533 

dg S 

The factor 1 .05 accounts for the txfist or lay which increase the 
length of the strand by 

Tables I, II, III provide some relevant data. 

5 .£a .. Tpl ,e 1: A Drake conductor 1.108” dia has Al sectional area of 
795,000 circular mils . 'Stranding is 26 Al/7Pe. , Its resistance is 
given as 0.0215 ohm/looO' at 20°C under DC, and 0.1284 ohm /mile at 
50®C at 50/60HZ. 

1) Take = 2.7 x 10*"^ ohm-m at 20°0 And temperature -res is - 
tance coefficient == 4* 46x10 ’ check the values of resistance 

g iven . 
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2}_Riiid % increase in resistance due to skin effect. 

Solution s ¥e assume 'fhat steel strands do. not--^arry current* 
aiheiij for lOOO" feet of conductor, strand length is 1 .05x1000/3.28 
metres . 

To convert circular mils to sduara metre-p; 

1 inch = 1000 mUg.^ 1’0° circular mils ^ s^. in. 

.*. 0.79x10^ cir-mii = 0.795x| x 2&.4^x10"^ 

= 402.83x10"^m2 


1) 

2 ) 


R 


dc 


= 2.7x10 


”8 1 .05x1000 
^ 3*28 



0.02146 ohm 



xSfi. 

x20 


= 1 .1-23 


20 


.*.• R5q= 5. 28x1. 123x0.0215 1 -1275 ohm at DC 


% increase due to skin effect = 2_t..l..2,8A.^.Q il2,X5. x1 00=0 .71^' 

• - ^ 
This is less than 1/>. ¥e have assumed, that all strands carry 

current equally. 

Resistance of conductor manifests ibself in e.h.v. lines in 
the following forms s '■ 

(1) Power- loss|_ (2) Reduced cur •■■eub -“carrying' capacity of conductor 
in high amh ient-temparature regions.- This is particularly severe 
in North India in summer when the temperature reaches 50°C in the 
plains . 

3) Conductor resistance governs the attenuation of travelling waves 
due to lighting and switching, as well as radio -frequency waves 
generated hy corona, 1‘or lighting, the resistance is computed at 
100- KHz, for switching from 200-2000 Hz, and for radio interference 
from 0.5 HHz to 10 MHz. . , | 

Skin Effect in Round Conductors 

The increase ni resistance in stranded conductors duo to skin 
effect ’is analytically difficult to dotarminG. It- is easier to do 
this at the manufactuor'*s ■ plant hy a simple experiment. For round 
conductors, analytical formulas are availahle using Bessel Punctious. 
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The ratio /®'dc tabulated or given^-in graphical for'^ 

by the N.B.S., Washington'. The controlling pare^’Ster is. ^ jucr = 
0.0636Vf/RQ, with R^=d.oC. resistance of conductor in ohf^/T^'’ile . The 
expression for the resistance ratio is as follows: 




8 


2 ^. 4 ^ 


+ 


>2 .2 .2 o 2 

o 4 - o o o o 


®e l( 


X 


6 


X 


o 2 /2 .2 

2 • 4- ® ^ 


X 


10 


2 ^. 4 ^* 6 ^. 8 ^. 10 ^ 




Ra^(f) 

Then, 


= (f ) 

^dc ^ 




[ B ^^( x )]2 + [ B ^ .’( x )]2 


When using S. .1. units, x = 1.59x10~"^ %c~^o ^ ^ ® » oh^/tn. 

B xaT.pl e : A round-.copper conductor 0.5" dia (7/0, 12.7 vnv'' dia) has 
= 1 .7x10 ^ ohm-D at 20°C. Calculate as a function of 

frequency fron'' 100 Hz to lO^Hz on a logarithinic base. 

•3; - 

Solution ; R^ = 1.7x10”® ^0,216 ohm/milo 


Jl 

4 


X 12.7 xIO 


VRq = 0.465 , 0 . 06 36/fRQ = 0.0137 


S=O.Ol37\''f 


2ac/^dc 


100 300 600 

0.137 0.237 0.335' 


1000 3000 

0.4325 0.749 


6000 tlO^ 

1 .06 b -37 ~ -■ 


A —• 3 ; 

. 37 x 10 ^. 4 x 10 ^ .3x10”^ .8x102 1.0017 


1 .006a 1 .0182 


3x10^ 

6x10^^ 

10^ 

2.37 

3.35 

4.326 

1 .148 

1 .35 

1 .8 


(The increase in resistance is not as much as what is felt to be 
the case by engineers working with el^'ctrical machine slots!) 

2 

Sg^tion 2, I R Heating Loss and Te^^perature Rise 

The combination of - solar irradiation anh I^R heating in sur'-'mar 
raises the conductor temperature beyond the maximum of 65°C allowed 
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‘ 2 

(Internal h'vat d'^veloprd By I R+Bxternal heat due to solar irra- 
diation) .= Heat lost hy ( con';9ct iou. to enviroriTT>entel air -f radia- 
tion) . Let \'I , ¥ , and ¥ denote these four q.uaatities per 

metre * 

2 . 2 * 

1) I R heat ing ; ¥-^=I R^, watts /motro- of couductor where R^= 
resistance p’^r matre at maxima’^'' tei^’p-'^rature « 

2) Solar Irradiation ; \L = d^, • s„. I , rer metro 

o a» o " 

where d^,,= diameter of conductor, metre, 

= solar ahsorotion coefficient, 
a ' '2 

and Ig = solar irradia^tdon intensity, ¥/m . 

The maximum solar ir"^a.diat ion iatonsity is in the neighbourhood 
of 1-1 *5 K¥/m^ in July at Delhi at noon time* 

Ihe solar absorption co'^ificient s^ = 1 for well -w^ at here d old 
conductor and 0.6 for new conductor. 

3 ) Conv-^, ctio n loss, ¥_ 

= 5*73 vP watts/m of conductor. 1 motro-longth 

of conductor has an area of {% d^jsq.m. 

Per mr.tre length, the convection loss is 

= 18*/ p. v^. d^. Zlt, watts/m. 

Here, p = atmospheric pressure in atmosph'^res 

v^ = velocity of air in m/g . • . 

and 41' t = tempera bure rise of conductor above the ambient tempera- 
ture in ^C. 

4 ) Bad iat io a lo ss „ : 

Phis is given by Stef an-Boltzmcnn eq.uation 
= 5*702x10 e watbs/m^,, 

where c = relative emissivity of conductor surface 

= 1 for black body, 0.5 for oxidiaed il or Cu. 

I = conductor temperature iii 
and I = ambient temperature in 

'Ihe radiR.tj-on loss per metre length of conductor is -- 
= Tt d^^ w^ = 17.9 X 10 ® e ( d^, watts/m. 
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'Ihe heat baler^C'd ^qun.tjoa tocsn hr-c' 


■pT r* Q 


i^R.n+'a, 




le.ivt. V^e.v„,»d^)+ 17.9x10“® o d^( 


3 xa^T 3 l^ 2 : A 400“k;V line :..i Ixidie ue .s a 2-bariclle ’T^os*-^ ’ con- 
ductor 0.0318 dia each. T-.kc' = 40''^0 and neglect aolnr irra- ^ 

diation, p = 1 , = 1 t'Vs, o = 0.5; iQ 'd current- := 1000 A/phaso 

( 500-A/conductor) . Area of each conductor 515 *7 = 2.7x10 ® 

at 20°G. Oolculpfec the fiiiel tc'~'pc ratur' of conductor. 


■ 


Assuoio final tr-’^poraturc 
-8 ltQ..JD045^bX 


ho 


•'f * 


2.7x10 


0.48x10 1+0 .0045t^) 


1+0.0045x20 5 15.7x10-0' 


= 12 (1+0.0045tj) per +ctrc of Ccach donductor at I=500A 
= 18 fixO'-OjlB (t^-40) =3.21 (t^-40) 

= 17-9x0.5x0.0318 (T^VlOO)'^ - 3.15"^) 

= 2.845x10-^ [(273+%)‘VlO® ~ 95 -95] 

The equation for t^ turns out to ho 

1 2( 1+0.0045 t^) = 3*21 t^ - 128.4 + 2.845 ( 273+tf ) ^'■x1o"^“27 -3 
or (273+"tf)'^ = (589. 5-1 1 .28 t£)10® 

O 

A trial and error solution gives ±^ 1 . 44 ', [I fL,= l4.38, 12.84, 

= 1.44 for tfr44 ] ” \ "" 

ITote : At 40*^0, taking solar irradiation -contrihut ion to add 

10 watts / tp, t^ = 45. 5"' 0. 

¥ith solar irradi-^tion of i .16 the contribution is 37 watts/ 

pn. = 54.1°C. At=14°, - *- -- - 

[Tc convert Kw/m^ to cal/sq.c+./d'-^r; lo'’’ c-A/sq.cpVday=:4.86 Kt/v, • 

SR^iiia 3 s Pro-pertir-s of Bundl-' d G^na uc tors 


Bundled conductors are exclusively us^d for o.h.v. lines, 
(orfLy one line in the world, that of B.P.A. in U.S.A has used 
expanded AGSR conductor of 2.5 inch dia for the 525 kV lisio), IJpto 
now^l8 sub-conductors have been us:d.' Figure 1 shows sorvo o-i the 
details that will be used. 


RDB-47 


4 

\ i 


— l 






< '' 


O * 4 


\ 


&, i - --^ 


single Twin 3~0ond 


i \, 

'k 

4*-Con3 


t ^ 

- I 

k ^ 


■' ■< 


"\ 


n 




(h 


J 

(b 


Bundle Spacing a nc Bundlo Radius 


X ' 

- O " 

6 “0 ond » 


\ 


I 

'- /ii 

®. iS ' 


\ 

? 


J 




8*™0 Olid • 


iforT'^ally J the I'l sub— conductors of a bundle are distributed 
uniformly ou a circle of radnus R with spacing B between adjacent 
sub-conductors* ¥e will call B = bundle spacing and R = bundle 
radius. The relation is B/2 = R sin ( Vi'^) » F.i-viag R = B/2 sin(<?t/i'l) 
Bor i'l = 2 to 18 we therefore have the following relations. 


2 5 4 6 

B/R 2 \r3 f2 1 

r/3 .5 .578 .7071 1 


8 

. .7654 

1 .308 


! 2 

.5344 
1 .874 


18 

.3472 

2.884 


aooTnetric Mean Radius or Bauivalont Radius of BundTlfe 

Bor most important calculations, the bundle of R sub-conductors 
can be replaced by a single conductor having the eluivalent radlis 
r^g^ = (i'T.r.R^'^"'^) ^ = r [ N . ( R/r) = R(l'T r/R)^/^^. It is the 
i4-th root of the product of th-^ sub-conductor radius and-. the dis- 
tances of this sub— conductor from all tb'- other (if— 1) companions in 
th>" bundle. Those will be 


r . ( 2R s in “ ) . ( 2R s in . ( 2R s in 

= r.( 2R)'*''^''~k (sin ^ ) 


2J'f\ 




1 /2 


2 n 


- ('2R sin 7i) 


( s in %) 


E 


•ei 


Bor if = 2 ; = ( 2 r R) 

B = 3 s r^g^ = (2^R^r sin .r sin 

R = 4 ; r^g^ = ( 2^R^ r s in J , s in s in 3^) ' ^ (4 r R^) 


1/3 ^ 2 ^ ^/5 


1/4 


The gonoral formula is r 


eq 


(E r 


,R-1- 


Examples ; Bor the 400-k7 lines in India, r = 0.0318 B=0.45m, 


M=2. Calculate R and r 


eq . 
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1 /2 

S_olution : R = B/2 = 0.225 = (2x0.0318x0.225) =0.0846^. 

Also, = VYIB = foToT^" 9 2 : 0 . 45 ' = 0.0846 

Ror 1200 kV liuo, K=8, d = 4.6 c’i’, R = 0.6 ^r, . 

= R (iT r/R)’’/'^'^ = 0.6 ( 8 .0 .023/0 . 6 ) ^ /®=:0 .5 1 76^'^ . 

3 = ,7654 R — 0 .46 Tn = 46 cTiT . 

Th.0 -eq.ui-v;^loat radius is usc;ial 'Zr r cslculati'iu, oZ (a) liac 
chargGj (b) iaa’acto-ncr , (c) capsc: tnac.' , and sorcral u trh-'r Ijnc' 
parameters • 

SO-te .; Tb.''- total r.'sistanc; oi aa 'l-conduc bor louncllr - ( 1 /a) tiiT^os 
the rcsist'n-icc of each suh-coauactor. 


Section 5 : laclactanca of RHY Lin, s 
Roun d Conductor 


1) Inductance dup to internal flux ; 0.5x10'“'^ Il/m-^tr^ 


2) External flux linkage upto disgance x: L 




2 % 


ln( x/r) 


2 x10 '^Ln( x/r) . 


I worconductor Lias (Single Rhaoo or Bipolar hC) 

G 


Kic- currents are I and ~1. 
Ojoasequeutly, any flux lino b'eyond 

the conductors such as liae-0„ will 

’ ** 


x-r 
' s 
\ 


A 


{ M ^ 


© 


1 -v 


' e - 

\ 


\ 

'X i 

t 

/ 

y 


link zero current. Thereforr all 
flux lines rna^t pass bf;twi"cn feh"' tw"! 
conductors. The flux linkage- of 

co.xductor 1 has two parts ;(i) duo te its own current, and ( ii) 
duo fco current in conductor 2. 




Flux linkage, duo to own current I o^iii ta 
VI ■ fD-r,. D~r ^ 

^11-1 ' i 'ai ^ Ezl 


11 


2n 


2n 


RleTnixg's rule shows that in. the snacc bo-tween the conoductors, the 
fluxes ^ produced by I and -I are the sa^v direction. Thorof'^re, 
flux linkag^-^ of conductor 1 duo to current in c-nductor 2 will bn 
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D-r 




d f 


12 


Rrx, 

2w r 


Total flux lirikago of conductor . 1 is 


V/ _ ^ siJ 

M ■"Ml ^ r 1 2 


■^^o. T.. D-r _ 


TC r 


D 


„ In - , D»r 


Induct -^uco is 1^ = /I 


1^, 


In ~ , H/t^ of conductor 1 . 


Tho ^id-plane G-(? botwroxi c 't^cuctrirs is a flux line. Thersfore, 
tho inciuc tauci.. of dny ouis of the coriciuct'^rs upto G--G will bo one 
half :if . If D = 2H, o.nd turning ths figure- around by 90'\ wo 
obtain the configuration of a single C'-n'i auctor abovo ground. 

. • . L = ^ ir* a = 2a , 2^, 0-7 Ln 2a , Honry/-. ' . 

CoTnbiiiing this with inductance <!uc to internal flux linkage gives 


-7 


^“7 


= 0.5x10 ' + 2x10 '' In ^ = 2x10“*^(^ In ^) , H/’ 

Por the very large values of H encountered in e.h.v. lines, internal 
flux linkage can he omitted. 

BxaT^ple 5 For a 345-kV line, the single- ACSR conductor has 1 .762 -- 
inch dia. For purnoscs of calculation, uso r = 0.0586 ft (0.0179 
Calculate inductance por T^etre- !<;. ngth and ^/c error in noglooting 
internal flux linkage. H = 12^" (40 f: 't) . 

Solut ion L = 0.05 pl/TT' 

I ^0.2 In (24/0.0179) = 0.2 In I 34 I = 1*44 . 

fo error = 0.05 x 100/1 .44 = 3‘5‘/o 


2Hn 




l ^XWOll's Coefficients 


1^, 


Consiaoring ^ I In ( 2H/r) , tho term Im( 2H/r) is 

call-'d Maxwell’s coefficient. SoC’ot irv'c-s it way also' ho writt.-^n; 
as ^ In (2H/r),'hut in this lecture it iffHi be Ln(2E/r) which 
will also occur in capacitance c.-flculnt ion. [ilote-;- Bor'-all calcu- 
lations tho av;er*a@i height to be -used is H = tn in imuTf' height + 
Sag/3] . 
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sovf^ral coaductors (plan's or pol''s) aro prv'souu above 
ground , oach. co,rrjiag its own current, wo can roplapo grouxid 
piano by iTriagc conductors cari’yiny curronbe in opposite diro'ct ::ons 
but of tho S0^e valuer ^ 


Oonsidor flux linkog:"' of 
conauctor 1.+ Self flux l.inkago 
is 


Duo tpcur-^’cntin conductor 2 ; 


- » 


Current in coiidactor 2 produces flux i^i all spnee-^- Bub only 
bhe flux flowing beyond k ^2 will link conductor I* Si’^ilarly, 

■uo to current — I2 in the iriage of conductor £, only tho flux 
flowing beyond I. o will link conductor 1. 

1 ^ rv6 




^2^0 ( 
271 J 

k-i 


dx + 


Liabn ( 1 


.Ln 


Ihe Tnutual M:ax¥ell 's coefficient is then Ln( 2/-^-] 2^ * general, 
between conduetbrs i and j, tho tiiutual coefficient will bo 

M3. 

Bor a syste" of n conductors 


[ ¥ ] 


n 2% 


[i]„ = [i]„„ [I], 


where [V Iq = [ f 1 i '/b 


frJ = [Ii.Ij. 




The el. orients of Maxwell's Potential Goof f icidnt Matrix arc 
Pj_j_ = In (2Hi/rQq_), and = ^^'^ijAij) * 

Por a bundled conductor, neglecting internal flux linkages, 
the radius to he used is tho geon'utx-’ic roan radius or the equi- 
valent radius = R(N.r/R)^ 

5- Xarplo.- -; The dine ns ions of 400-k? 3 -phase horizontal line are : - 
H = 15 S = 't'f r between phases, --conductor 2-x 3. 18 or, 8=0.4572™ 
(18"). Calculate (a-)- inductance ratrix por Kr, considering no 
t r ixns po s it io n * (b) sarc fo/fully — brauisposod liiio (c) pos it ivo-soqu~ 
once reactanco per Zr at 50 Hz. 

*” 4 





SDluti'-a'. = fr.B = 8.53 = 0.0853' in. 




P =P„„=Lri/(4H2+S^)/S^ = 1 .0664 
P^^=Ln ^K^+S^)/S^j= 0.53 


(a) [3^]ut 


1 


15 


oa DO m 


5.9 

1 .0664 

0.53 

1 .0664 

5.9 

1 . 06 ^ 

0.53 

1 .0664 

5.9 

0.213 + 

0 . 106 ) 

II 

0 

• 


<^m 


I 0.213 1 .18 0.213 

0.106 0.213 .18 




1.18 0.177 0.177 

1 .18 0.177 I tt-H/Ki" 

1 .18 I 

< w .J« . 


(c) = L^~L^ = 1 .18 - 0.177 = 1 


S Tr> 


At 50 Hz, = 0.314 Oh^/Z’^^ 

*T 


Hoto that-'Self inauctnacG of •'.h.v-. lines is in tho neighbourhood 
of 1 In gonorel, a.s the nuiT^bor of sub— c 'in eductors is 

increased, self induct aaco and positiv.-scq.uonco inductance roduce 
sc that the sorios reactaxicc will rocluco also. Ihc powor-handl ing 
capacity will therefore incroasco 


Inducta.nco of Round Couciuctor with Skin Effect 

RosistancG inert'^asGS with skin eft '’ct; (frequency) but the 
inductance due to intcrnol flux linkage decreases. This ^ay not 
bo serious for e.h.v. linos whore the internal flux linkage is 
negloctod. This iiductive reactaxico at any frequency is 


Xi 




'er 01 

whoro x= 0.0636 iff/R*, R =d.c. rosistanco, ohi^/iiiile 

w ^ 



- f 
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In goaeral, tho rosistacicc .'^nd inciucianco variniiions aro as 


depicted in figure. L 


distribution = 


12 . 


1 ‘i* 


Uo 


8 u 


inductance assur^’ing uniferTii curi-ont 
1 *0' 


/ 


1 *9 4 


/ 


/ 


/ 


• • 8 " 


'Vyl y 0 *^ oh ^ 


O 


-X. 






\, *~|^0 


\ 


\ 


\ 


'mr 




[Please SG8 ■ TTostixigbouso T and JJ Rof^ronco B'^ok Cb. 2, for 
actual values] . 


Section 6 : lino Oanacitance Calculation 
let p*d. between conductors = 2?. 
place a unit positive test charge at P. 
Then the electric field at P is 


L?> 

i 


g _ - ..I - 

^P “ 27te 


(v- + 




o 


2 H-X 


) 


+ ‘fr i 

O L 

T I I 


V 


Z'V 



r X.H- 
i . 




whore q. = charge on c'niciuclfors per unit length# 

2H*^r ^ - 

Consequently, 27 = “ 2 ^ f " ^ 

o 0 






Ln( 2H/r) 


By syw^Gtry, the mid-plane G-G will be at 7. The p.d. between 
positive conductor and ground piano GG (by rota,ting tho‘ JLigure 
by 90°) will bo 7 =7. 


7 , 


2^ 


2 E 

r 




27EG. 


Once again, In 


2 ^ 



list of 
QMe£§_ 

cond. 

surface 

fro’" 

nogat ive 

In 

i 

list of 
i_chargo . 

cond. 

surface 

from 

positive 


Maxwell’s potential coefficient P 


1 1 ‘ 
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Matup.1 'Potcati?!. Goof f ic i 3 rits 

Potential at locati'^n of conductor 1 


due tn tho charges + < 1 ^ and 
¥ 


'^2 ^ 


12 


2-rte, 


Dist. fro'^'' +q .2 2Tto^ 


•I. 


In 


A. 


1 2 


• • 1^2 — hn(‘X^2/-^-j2^ * 

Bor a syste’T" of n c'^nuact.-'-rs, the potentials 
will he 





of th-‘ conductors 




1 

2'rte 


o 


Ln(2H^/r^q^) + ^ 


Tte 


o 


Lii( I-j 2^ 2^ 




1n^ 


\ ~ 2^ 27ie ^2n'^'^2n^ 

0 o 

In ^datrix for’-, [V]^ = [P]^^ t^/^^o^n 


4- 


2718 


Ln( 2Hjj/rg^) 


[■?]„ “ tTr,,?2, - - \], [<1] = [?,7-'l2> ' ■ > ‘iJ 

ele’-pnts of potential coefficient i-.atrix are before 

P,, =Ln(2H./r3^), Eij^LdVA^j), M3- 

—.1 

'Ihe capacita,nce ’’’atrix is [C] i?: 27te^[P]^^ “^^o^^^^nn ‘ 

V/o derived the inouctance Matrix to be 
p- 

[Li ^ ='~Tt [Pl • if internal .flux linkages are ignored, we 
observe that [L] [C‘]=PQe^[U]= “^[y] ^'^h'^re [U] = unit ’-atrix and g = 
velocity of, light. ' Calculations based on this relation are called 
’light -velocity theory calcula.ti'^ns ’ . The charges q.^ to refer 
to the total cha,rge of the entire bundle and not of ea.ch sub- 
conductor of tho bundle. 


i xaTnle ; Bor the untransposed 400-kV line. Maxwell's Potential 


coefficient iT'atrix wa.s 
p .9 1 .066 0.53 
5 .9 1 .066 ' 

5 .9 




.[M]=[P]' 


-0.176 -0.03 “0.01 

-0.03 0.180 -0.03 
-0.01 -0.03' ' 0.176 
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The capacitance c^atrix Is 


• ! 

,[C]=2jte^[M] 


9*77 U65 

- 1.65 10.02 

-0*58 -1.65 


0.58 
-1 .65 
9*77 


nP/Kni 


[Mote: 2ne^ = 10 ^/18] 

For a completely transposed line, 

Cg = |- ( 9 . 77 + 10 . 02 + 9 . 77 ) = 9-85 nF/Km, 0^-=r^ ( 1 .65+1 .65+0.58) = 

-- -1 .29 nP/Ke. 

Pos it ive— sequence capacitance C.j. = Og-Gp, = 11*14 nF/Km. We note 
that positive— sequence capacita-nce of e.h.v. lines is iii the 
neighbourhoos of JO-11 nF/Km. with L o;u1mH/K^, the v'^^l^city of 

*T 

propagation using positive-sequence quant it ios is also light 
velocity. Also, 1) self -capacitances are all positive while mutual 
capacitances are all negative. This is because 'a charge of one 
polarity placed on one conductor induces a charge of opposite 
polarity on another conductor. 

2 ) the centre phase has higher capacitance to 
ground than the outer phases, even though the potential coeffi- 
cients are equal. 

Section 7 : Sequence Inductances and Oapacitances 


This applies only to transposed lin‘=s. The mutually inter- 
acting inductances and capacitances can be resolved into indepen- 
dent sequence quantitios. However, the real meaning of sequence 
inductances and capacitances is the flux linkage and charge which 
sequence currents and voltages experience. 


7_em_ gegue nce. : Here [I]^ = [1,1,1] 1^, and 


-* * 



71 ~ 


1 




11 

= 

1 

^ J 



1 : 


1, 




— ^ 

1 

- 'J 


The- zero-sequence -in-tluctance is- 1 +’21- 

O S " 


(lg + 2L^) l^. 



J 


Positive sequeace : s in wt, I 2 = sin (•wt-12d) 

sin (wt + 120) 







TO in xf t 

tfiH 

k 

^S 



s in( xft-l 20 ) 

fcrr, 

IP 

Lt>i 



sin(wt'+t 20 ) ■ 


• 

• • 

h 

= ls 


Lpi 

heeative 

seQuence 

m 

« 

L2 = L -Ljj, 


I^=:(L -L^) 

m ^ Q 


m 


s in wt 
sin(-wt ~1 20 ) 

Sin(wt+120) 


nanacitance : The -setuence. volbages are 

[ V^]=[ 1 , 1 , 1 ]V, [V^]= [sin wt, sin (wt~120), s ii:i( wt+1 20) ] V.; 


U.sing the relation [q] =' 2 to [ P] ”"* [ V]=[ C] [V] = 


C 


s 


■'Tn 


'rn 


•'TP 


''DT 


Or 

c. 


[V] 




Got, C2=C3--C 


m • 


we . obtain, 

The followjng properties ^^ay be noted: 

1 . The zero-sequence-inductance is higher than the self-inductance 
L„ , while L. and are less than » 

2. The converse is true for capacitance 
quantity, 0 ^^ < 0 ^ x^hiLe 

3 . In ter^s of the sequence quantities, the self and Mutual quan- 
tities are : 


Since 0™ is a negative 


<.nd Co are > C„ 
2 s 


s .50 r ^ 


^tn - 3 '^0 


Li) 


C 


1 


s,- 3 ^ (C^ - C^) 
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I 

'j 

Sectioa 8 : Line Para’^'^eters for ^'^odes of Prppaf; ,9,,t.jQQ 

lii/laen switching or other transient operatious are being 
studied o.n trans^’iss ion lines, it is a difficult ’^atter to inves-* 
tigate wave propagation on conductors which are charact "’rized by 
(a) velocity of propagation, (b) attenuation, and (c) surge 
impedance, when Triutual interaction between the ^i^ul ti-con due tors is 
present*" The wave^ viug-f; Le de— coupled on transposed as \r9ll as"' 
untransposed lines. This concept was first applied, followixig the 
idea of sy’^'i^etrical co'^^ponents of BortoSQiiSI?. hy G.B* Ada’^s for 
radio~interf erence studies* for the fully-transposed line, analy- 
-tical expressions in closed for^ for the transf or’^lat ion TUnbrices 
can be worked out* But an untransposed line can only be hondled 
otic nu’^erical basis when all inductances and capacitances are known. 


D iago n al iz at io n Pr o c e du' re 

The diagonal izat ion procedure will be illus brat'^=‘d__through 
the iiiductance Tr>atrix of a transposed line, 


[1] 


s 


-'m 


Lni li 


^in 

Ln . 

1 


Step 1 


Evaluate the 'character is bic roots’ ,qr eigenvalues fro”^ 


the deter®inatal equation 
This g'lves 




i A [u] 


[1] 


= 0 


\ ~L 
' ' s 

-It 


— Ljk ; - Lij , 

-La^ I =0 giving^^*Lg'»-2Li^yJig»j5^-Lgr4rffi. 
ix -Lg j . , , 

Steo 2 : for each of these eigenvalues in turn, we evaluote the 
eigenvector f x ] which will be column ®atrix according to th'' 

‘■X- / - / 

eq'uation - ' ■ ' > . _ 

. ■ - [1] t [x„] 

Consider = I’g + 

-f 

-1 
“1 

This gives the three equations for be'^2X^ -X2“X^=0, 

-X^+2X2~X^=0, -X^-X 2 +' 2X^=0* By choosing X^=i1 the e igeavector li 


[ 0 ] 


I ^ 


'x,' 

r* 


= K 

Lh - 

in *. 


-1 

-1 ” 


x^ 


. 0 ' 

2 

-1 


Xp 

=: 

0 

-1 

-1 ^ 


hj 


__ 0 

-HI*- 
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1. ■ ' 1 1 

. Its normalized form is [1] 

cedure using the other eigenvalue ]^2=I's*“I'rn» there results 


By followjng a si’-'ilar pro- 


i^ri 


""1 

1 

’] 


’^r 


"o" 

1 ^ 2 ! 

m 

1 

1 



^2 : 

' = 

0 



J 

1 



L ^3. 

1 

\ 

- 0- 


giving y^+y2+y^=0 


Once again taking yi = 1 , we obbainay2+y^ = = -1 -- 

aow have an infinite number of choices for the valuas of y2 and 
y^. These must suit engineering considerations. The most conve- 
nient value is to let y,=0-. Then y = -1 . The eigenvector is 
1 _ 1 _ 1 i 

wftiMHIIItl Willi 

]f2 


11 

|7] 


and its normal ized -form = • 


Since =^f ’it gives the same equation. Wc now choose 
^=z^=1 giving Z2=~2. Bor this case, the eigenvector is [-^] and 


the normalized form _ 


Y6 

Step 3 : The complete eigenvector vector in normalized form is 
called the inverse of the bransf ormat ion matrix: 


[n"’ = 76 




f2 Y3 

Y2 0 

Y 2 -Y 3 


Y2 Y2 V'2 

-2 j, and [T]= ^ | iT 5 0-^3 


Step.. .4. : The given inductance matrix is npw 

multiplication (as can be ver:ific-d) 


[T]-^[L][T] = 


lg+2L^ '0 0 j 

0 ig-in, 0 

0 0 

s m I 


diagonalized by the 


= [A] 


The mutuglly-coapled waves arc- now de-coupled* The capaci- 
tance matrix or the surge-impedance^-matrix could have been used 
and yields the same transf ormat ion matrices. In this case, the 
eigenvalues turn out to be equal to the zero, positive, and 
negative -sequence quantities. 


Interp ret at ion of Bigenvect^or Matrix 

1) Corresponding to the first eigenvalue , the eigenvector has the 
elements [1,1,1] which can be interpreted as follows'; In the first 
"•ode, the voltages, currents.,,.^pharges , and the accompanying ener-. 
gios are all equal and of the same polarity. In gen'=Tal , the return 
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current floxvs in the ground:, and the attenuation of energy is 
high because of ground rcsist-ance. 14; is usually called tho 
*1 ine —to ““ground ’ Tnode or ’hoxi^o.polar ’ xnodo. At radio 1 rcq.uencl'^s 
of 1 HHz, £-ttcnuation is 6 dB/tlP'. 

2) The second eigenvector is [1,0,t1] which involves only tho 
outer phases* Tho centro-phasc is not involved in tho propagation 
One outer is tho ’go’ and the other is the ’return’* Thertilorc, 
ground is not involved. This i& called tho ’lino— to— lino ^■'odo of 
1st kind’ or- the ’phase— phaso ’ vode. At 1 IfiBz, attenuation is 
about 1 dB/Kw. 

3) Tho third eigenvector *isf.[T7’-2, 1 ] which can be interpreted as 
saying that the ^current ’goes' in the outers and 'r'.' burns ' in the 
cortt-ro phase. The charge distribution is [+Q.?-2q.i+ci] and so on. 
Ground is not involved and attenuation at 1 JTHz for radio-wave 
propagation is about 0.17 dB/Kii’. This is ■oalled.“the 'line— to-linc 
mode of the 2nd ikind'or the ' inter-phaso ' ^^ode. 

The concept of ^odes of prepagation is also very useful for 
coupl ijng modes of (carrier eq.uipmen-t xfhere attenuation af speech 
and signals is of concern in determining, transmit tor and receiver 

i 

powers * 


¥c observed that [L][C]= for a flully- transposed line* 

4r ' ' 

Suppose we pro-maltiply by [f]. and post-mult iply , by [T]. Then 




[T]-'[U][T] 


lg+21„ b 0 “ 0 1 

0 0 1 0 0g-0„ , ,0 = -U [U] 

[o 0 l3-Lj[o 0 O3-0J « 

This gives (l3+2I„)(C3+20„) = l/g^ 

and {1,3-Lj (a3-0j.-= }/gl ■ 

This shows that velocities of propagation of waves in all three , 
modes are equal to each other and to light velocity. This is tru 
when ground return inductance is nogloctcd;. Usually, in tho 
first or lino-to -ground mo do , - indudtetneo of ground-return rc'duces 




the Telocity of thqt modal component to about 2.5xl0~ m/s or 83 % of 
light Telocity. 

Un transpos ^ 'd line? Following the steps giTcn before, using nunieri~ 
cal TalueSj, the eigenTalues and eigonTectors cam be worked hut. 

Section 9 J Resistance and Inductance of G-roimd •Return 

Under balanced opt^rating conditions of a transmission system, 
ground-return currents do not flo?;. Some of the situations whore 
ground -return is inTolTcd arc t 

(a) Short -c ire uit s ; Single line to ground and double line to ground 
faults. 

(b) Switching Operation* i 

(c) Propagation of y/aTcs c®. conductors, (PLG) 

(d) Radio intcrforoncc studies. 

The ground -return resistance increases with frequency of current 
because the current ’does not penetrate deeply and area of conduction 
decreases. But the inductance decreases because the flux lines 
camiot find as largo an area as at low frequencies. 

In CTcry case, the soil is inhomogeneous and stratified in 
SGToral layers with Tarying ccn:ductiTitiGS ♦ In this section, the 
famous formulas of Garson v/ill b: giTcn which apply to e. single- 
layer homogenous soil. 

The Talucs of conductiTities on the aT^rage are ; 

Itoist soil Loose soil clay Bed rock 

10 mho/m lo"" lo" 1 0~' mho/m 

1 1 

To conTert to o »g .s . units, multiply these by 10 • The figure 

depicts the important parameter's inTolTed. and X^ of conductors 
i and j are referred to any 
chosen origin located on grousid 
surface . Cg = soil conductiTity 
in mho/m, f = frequency of current^ 

= distance of conductor j 

from image of conductor i, mbtres^'©^^. = arc tan ,t' 

0 = 1*7811, Bixlcr's number, and p^=4frx lO*"'^ H/m.. ^ 


hi' 


Pj 






H 




6 ^ 
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The in£st important parameter for the calculation is = 

T" /2 7ru f C • For usual c»h«v. linos j r . - < 1 • In c .g .s «. unit®, 
^ij ~ ^ij c .g *s * units . 

Having found r.., the ground -ret loni resistance and inductanco 
= SlTf 10 "^ Ohm/Km, Lg = 4.J. •10‘^ Henry/Kin, where, J-- and 


are 


Eg 

Jj_arc calculatod fiS follows 


Jy = C'i-S^) 8 + 0*5 S2*Iin(2/& rj_p+0.5 .T^-gW^ +~— * 

Jj_ = 0.25+0.5(1-3^) 4Ln(2/G.rj^^)-0*5ej_^ *T^--g ^ 2 '^^ (¥^+ff^)-i-W^ . 

There arc several quantities above which are given by the following 
infinite series, for r- . < 1. For most c ale ul at i ore only 2 or 3 

J. J I 

leading terms will be sufficient, ns shown by actual calculr tion fpr 
400 kV line. 


CO 


Sp =S, (-1)^ (r../2)2(2K+^) 

K=0 


1 


cos (2K+1)2e.. 

(2K+1)'.(2K+2)’. 


^2 = same as Sg with cosine chrang.;d to sine . 
00 

S4 =2. (-1)^'-’ (r,y2)«-— f 

K=1 (K+1)! (K+2)i 


cos 4K 0^ ^ 

%J 


T^ = sane ns v/itii cosine changed to sine. 
oO 


Wl = ^ j,..(4K-1) 


K=1 

Wg = 1 .25 - Sg 

oO 


Id 


.2 ,2 2 
1 .3 .5 


■(4IC~1 ) 


'cos (4K;-3)e^--i’ 


(-D^^-h r., 

k ;=1 . 

’'4=1^4- 


(4K-1 ) 


1 


3^ .5^ , . * . (4-K-+1 ) 


♦ cos (4K--1)©, 


Id 
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The important and interesting properties of H and 1 for a 3~phasc 

S § 

horizontal 400—1:7 line come out to bcj no-'nly 




R 


'1 

1 

-.5 

1 



1 

1 

1 1 

1 

1 

1 

1 

and 

f 1 1 = 1 

^ g ' g 1 

1 

1 

1 

1 1 


1 

1 i 

t 

1 

1 

1 1 


t a 


It is left as an exercise to d i^^gon-'lizc these 1 . 

Example : 400 kY lino _ 

The frequency' sclectv.d is 1 KHz 
which is useful for sv/itcliing'-siu?go 
studies. Cg = 10 mho/m. 

(11/26) = 0.4014 rad = 023* 

©^^=tair^ ( 22/26 )=0 .7025^, 




eii=«22=933=°- y' 

^ii : r-j^ =0.234, r^ 2 = 0*27, r^ ^=0.306. 

Self resistance ? R^^, , lor this, 0_ = 0. 


l ! 

/ z ^ 

/_ •" 

* /• 
t ^ T 

/ 3t> 


1 1 


Q /0.234^2 1 , 0.23436 1 

^>2 - l—2~^ » ^ l"“2”-} 


, ^0.234n10 1 , 

J^j-+ C — 2 — ) • jrn ° ’00605 


T 2 = 0. W 2 = 0. 00856 = 1 .25 
0 11 7^ 

S4 = , vYhich is negligible. T^=o. is negligible 


= 0^£ai« = 0.0043. W, = %2^ ^ 0.00028 
t ,3 ^ 


3 .5 


'^r ^ 0.00685 . In (y^ 0 


-0.0021 5+0j^lQ§i 

2 V~2 


= 0 . 4 . (Note = fT/s = 0 . 3925 ). 

= 0.25+0.5x1 .61 - ^ X 0.00585 + y.. 1 .c55 


R 


11 


J 2 

8 iTx 1 0^ X 1 0 ^ X 0 .4 =1 oiim/iCi'n 
4 


Ii^i = 4 X 1 .055 X 10 “ = 0.422 mH/iCm. 
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Mutual (1-2 ), s Calculations' giv a =• 0*3983'^ *4? and J^-O.S32 

= 1 ohm/Km, L>j 2 = 0.38 mE-l/lCm 

i " i 1 

t ( '« 

Mutual (1-3) i = 0*3925? = 0*89 ' 

o 1 ohir/Kia? 1-^^ = 0*356 inll/Koi 


1 

1 ; 

1 


0.422 

o 

• 

cc 

0.356* 

1 

1 

•y ^ 

, 1 

ohm/Km and 

0,38 

0,422 

0,3C 

1 

1 

1 

[o.356 

0.38 

0.422__ 


l\3 = 

A ve rage ind uc t a nc e 1^ 

IhiB give's nearly • 

’1 1 1 
I 

H 


iM/j' 


TQ 


(0. 422x3+0*38x4+4+0 .356x2) = 0*39 ralf/l-jn. 




f L ’1 = I 
- g ^ 'g 


1 1 1 
1 ' 1 1 

1 1 1 


with = 1 ohm/Kxn 

o 


1 1- 1 ' with Ii = 0*39 

I o 

1 1 1 


It would appear therefore thai:‘o*iLy one quantity v/oulci, ue ^necessary 
for each of- these two matrices, ffiiis proptn:'fcy is usually used by 
everyone • 

Se ction' 10 Oorona-Inc e ption Gra dient an d . Maxiitiui n Sui‘fa6 e 
Voltage G-ra d ient on ,Lino Conductors 


Corona Inception : Peek’s formula for cbrona-incoption gradient 
on a smooth conductor above a ground plane is still the best. for 
design purposes • This is . * ’ 


E 


os 


kV/om, r.m.s 


Hore^ r = conduct of outer radius in cin^y .and S = air-doiasity 
27 * 54 *^ 

factor = x—fj^ when p is in mm Hg* Indian standa.nds utec 


riDB-63 


t = 20°C but will consider 27 0 in future** Ihe factor ( 27 >+ 20 )/ 

760 = 0*3855 I* 7iio prcssui'O varies with elevation and temperature* 
The variation with elevation c n be tamen as lo millibars (7*5 mm) 
per 100 metre change of elevation* Tenpwratue.'. correction is not 
very important 0 

On stronded conductors, corona-inception oceux-s at Ion^t gra- 
dients which is known as the nominal smootii— conductor gradient . 

This is taken into account by using a roughness factor ni = 0*7 to 
0*8 in fair weather and 0.55 to 0.55 in rain. = m E * 

Bz ample : For p, Moose 0.0318 in di*^ conductor cplcolato the corona- 
inception gradient cat elevations of 0? lOOO, 2000? and 3000 m above 
sea level. Tcckc the tcmperr'turcs as 40*^? 30^, 20^ and 10*^0 res- 
pectively at these elevations. This usually corresponds to a 400 kV 


line running in 

Take m = 0 .75 • 

North Indi.*' 

■;n plains 

to the Himalayan 

regions . 

h 

i' 'C 

looo 

3000 

3000 

metros 

t 


30 

?o 

10 


P 

TSO 

6S5 

gio 

535 

mm 

S = ( *3855'2yj^-^ 

) 0*036 

C.d7l5 

0.8026 

0.7288 


®os 

• 25*0 

23.4 

21 *75 

1 9 *96 


^or 

18.75 

17.55 

16.31 

14'.97 


Notice that as 

elevation inerdasos, 

c oroiia-inc s.pt icn 

conditions are 


more favourable. On hilly terrains, this problem arises even though 
a conductor may be designed to bo corona-free in the plrihs.\ A 
parallel with Paschen's law can be found in this. Paschen's Law 
for breakdown of gaps''in uiiifoz'm fields is f (pd) . As''p decrea- 
ses (above the Paschen minimum)? for the same gap length, breakdovm 
voltage decreases. Hence the breakdovra gradient (V^/d) also 
decreasefi* 
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Max Ttnum Surface Voltagce G-radient on C ond 

The s:nrface voltage gradient depends on charg', 3 on the sub- 
conductors of the bundle* This will have to be found fiist from 
the equation 

r,3/2rie„J=|lP'}-"'' h'j = [ m 3 where 

fvj = Y [^sin wty ' Bin (wt-l20), sin (wt+120) J 
LpI = Maxwell's potential coefficient raatrix, 

P.. = In (2Hi/r^p, Py = loi di/hp’ 

Since the voltage of any phase conductor is varying with tlxic, 
the surface voltage gradient will also vary at 50llz • In c*h«v* 
lines, the phase separations and heights arc very largo in compari- 
son to the sub-conductor radii and the spacing between sub-conductors 
in the bundle* It is therefore assumed that the changes on the 
other phase conductors "and the imrigo conductors have negligible 
effect .on the surface voltage gradient on the sub-conductors of any 
bundle* 

In time, therefore, maxim'im value of charge occurs when the 
voltage of that phase passca, through its m=-ximum'. In a computer 
programme, depending on the required accuracy, all factors can bo 
incorporated. Therefore, for a 3-phaso lino, wh^rc 
total bundle charge 


q^ATTOo'' 


M-J1 M.J2 

‘ 

sin wt 

q2/2iro^ 

= Y 

M 21 ^22 1523 


sin (wt-l2o) 

q^/SYTo^ 


J 

i , 

1 sin (wt+l20) 


Considering phase 1, v/hen its voltago passes through maximum or 
peak value, the voltages of the. othex' two phases arc passing biiroagii 
negative half values. 
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«*• Kr^cimum v;-'1ug of will occur when 

i Ql.-] q) = V| M-i 1 — 0 *5 (f''!-] 2‘^^’^'i 5 )J • 

Sirailorly , ( qgA \}'h2'~^ '^^*23^ J 

and ( q_^/2 tfe = V £ ^ -0 .5 (M^ -j +11^^ ) ^ 

Having found the charguOj the ia;jc3.Biuin surface volt'-.gc grrdientf 
can bo found as follows. In the Gxproasiuns, %_ denotes this mraxi” 
mum charge. Use, vdioii V is in kV r.m.s., the surff.ee volbagc 
gradient will be in kY/ia r.ni.s. 


1 ) sirjglc conductor ; 
E, 


, -r 


mas 

2) Iwin conductor 
each conductor 




1 

r 


Thu chc'Ugc. on 
q ,/2 # 




H V 






t'^T^ lw> 

In tho case 6f bundled conductor, the surface voltrgc gradient 
varies along the periphery of tho conductor. When a unit positive 
■^cst charge is placed r-t P^j the .forces duo to charge on both 
conduetpps aro in tho sane direction, while at P^ th*..y are in oppo- 
site directions. 'Tho ma^iimuin anywhere or the periphery occurs at 
P^ . Due to irs own charge, tho electric field is '2' * r * 

Due tc the charge on the other sub-conductor of the bufidlc, the -j '-[ 
electric field at P^ would bo given by ^ 


rs** 


-Tt 0 z ' B+r zjT'o.^ 
But we have to double this fer the reason that when h conductihg 

cylinder is placed in the uniform field of a charge, the stress 
on the cylinder is twice the stress when it is not present . Assu- 
ming that the loft sub-conductur is sufficiently far that it pro- 
duces a uniform field at the Iccj-tiou of the right sub-conductor, 




X) 


the field is T r^r ** " ' tv 

2f/Cj^ 2 B Zii Gq 


1 1 





4 » 

tt m 


The afTsimum surface vjlt gc gradient is 

^ _ _ — i- 

■m 2 ir o 


3„ = + s) = '^c" *' 7 ^ ( 1 +rA) • - 


a, 


'k 


o 

3 ) To dcriYo a gcriorr.l forraul-'j 
consider the 4 ceuductox’s * Tnc 
charge on each sub -conductor’ * 
is q /4 = q/N • 


/ 

14 - ' t'* 


\K 

<t> '''• < 3 %^’ 

/j r 4 >- 


‘V/if- V/is IJ 




B-. 2 ,<< > ,-a- 4 - 

fj /v’\ 


/ 


> 'anf £ 


■4 2 . 


? a 


"i -1 




nil 

Due to conductor charge ; 

Duo to oenduotor 1 : E^z . 1 . .jf- = ’ il 

a 1 _ 2 coo Tr /4 ^ I. '' 


Due to conductor 2 : — 


4 


2 I{ sin 


tt 
4 ■ 




L- 


Also ,j = E2 

. 'n ^ 

= B-j+E^+E^tB^ = 1 i j E + 5 + S J 




The gciicroh feraiuia is = ^q~“* M +(B -1 )/£ 1 

HerO}, q = charge on the total bundle j and (q/N) is the chargu on 
each sub-conductor. Bor an 8 -conductor ^ 

bundle, .the forces arc 


... c- 


i \ 




Tj'. q ■c' q 

" ^ITCq B'r’ 5 “ 2 ^ 0 ^ 8 S » 


Bo = E' 


8 


7 m:~ 


1 1 

0 


K 




. . . \ V S 

11 \ \ 

Tc~; ■ 5 * 25 'i-O == ^* 5 —. • V \ , t P' 


1 2 cos 67 il 


0 


B. 


m 2 tr o 


s I 7 ^ l]“ Sra: • F ^(''+7r/R) V.j 




S' 4 «.. 


/ 

1 

'lit' 
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Bxnjaplc i for tliv imtrr.nsposwd horizcntnl 400"kV lixiC; 



0.176 ■ 

-0 .03 

1 ' 

v -* 

0 

« 

0 

1 

II 

i - 0.03 

0.180 

- 0 .03 1 

1 

^-0 .01 , 

- 0.05 

0 . 1 76 ] 

for th »- out 

^r ph.-'Ses 

; 

2 TT ^ 


for the centre phase 


=242 *5 IV' 1 5 1 -g 5 r *111 .s » 


= 242*5x10^ L0.l76+0.5(C.03+.0l)j 

° = 47.53 X 10^ 

^ 3 ■" 

_--_h — = 242.5 X 10 -^ L0.18 + 0.5 ( 0 . 03+0. 03) [ 

U ®Q ■2 

= 50.925 X 10 "^ . (7 .14"^ more than outer) 


Maximum surf nc e voltage gradients : r = 0.0159 m, R=B/2=0.2286 /vi 


Outer phases 


1 1 


'mo “ YTre~ * ? •'o.'oT59 


M , o;oi59 \ 

„ ^ I + ) 


Centre phase 


= 1598 IC7/m = 15.98 D//cm^ r.ra.s 
S =1713 I0//m = 17.13 K7/cm, r.m.s 


Mangoldt formula (Markt-«-Mengole Boimiula) 

for a 3 -phase horigoiital line, the maximum surface voltage 
gradient on the- eubcorduc tors c_ an P-conductor bundle can be 
written down in closed form. This is called the Mangoldt formula, 
also known as Markt~i'/iengelo formula* The average height li to be 
used for e.h.v. linus is 
H=minimum height at mid span , 1 - sag/3, 
for the horizontal configuration, 

^ oa ' 

\l = ^12 = ^23 = (4h^+rVs),. P^ 2 =^ 13 =^^^ (.4-H^+4S^/2S) . 

f + 1 5„2i r 1 



gMl* 

■ 


‘is 

^m1 

^m2 

!‘Iow^ 

h 

•m. 


P 

s 



! rr 

^3 i 

1 

4 

^m2 




I 

L j 


i_ 

2-ro, 
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Foy any phase » rgay iTn uTTi occurs when the voltage ot that phase Is a’l 
value and the other two phases have negative -g value* Jhis a p pile a 
to charges also* 

• 


For the outer phases ; V-j =| - -0*5 




P -0.5(P .+P .) = liia 


2H 


■s - m2^ r 


cq. 


0 *5 In i — g — « '' — ^ “ V 


• “YttB" 


V, 


T 2 H 

In -jr- - 0 
01 


*5 In i y(4H^^S^)(H^'+3^)/s^- ( 


The maximum surface voltage gradient is 

1 I [l + (N~1) r/R] where ^ 


B . = 

mo 2]f 0 


o __ 

re 


can bo 


written out in''tcrms of the linc-to-grc^und volt''go '-nd ?iic hcigiit 
H and phase spacing S. 


9c 

For the contro phase ; -~2~^~q 


\/ 


In - - In 
Cl 


Jl 4iF+S^ 

— 


1 


me 


V ll + (h-1 ) r/R 


h .r . Ln 


2HS 




For V = 242*5 hV, 1=2, r = 0.0159‘, = 0.085,, H=l5y 3=11 j H=0.2286j 

0 q 

calculation gives 1695 kV/m = 16*95 IcY/cm. The previuuu veluo we.s 
17.13 kY/Kra. 


TiBlB 


partial list op AGSR G0®U0T0RS 


ilaiiic 

Overall 

Diameter 

Inches 

Area f 
Circul'^r 

Ostrich 

0*68 

300} 000 

Oriole 

0.741 

336}400 

Larlc 

0.806 

397}500 

Hry/k 

0.858 

477,000 

Parakeet 

0.9U 

556,500 

P^ acock 

0.953 

605,000 

Plcningo 

1 .000 

666,600 

Drake 

1 .108 

795,000 

Gi-rdinfil 

1 .196 

954,000 

Bunting 

1 .302 

1l92j500 

Pheasant 

1 .382 

1272,000 

Mfirt ill 

1 .424 

1351 ,&oo 

Plover 

1 .465 

1431 ,000 

Pale on 

1 .545 

1590,000 

Ohukar 

1 .602 

1780,000 

Kiwi 

1 .737 

2167,000 

Expanded 

1 .600 

1275,000 

Expanded 

1 .750 

1414,000 

Exp rand cd 

2.320 

2294,000 

Expanded 

2 .500 

3108,000 
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•ITORTH AI'IERIGAIT IIAITIIE'ACTUEE 

IpprKE’i'Ervfcc 

Tills Str^’ndirg current ccrrylng 

capacity} 50*0 
Temper rturc 
Risc{ Amperes) 


26/7 

500 

30/7 

530 

3C/7 

600 

26/7 

670 

24/7 

730 

24/7 

750 

24/7 

800 

26/7 

900 

54/7 

IOOO 

45/7 

1160 

54/19 

1200 

54/19 

1250 

54/19 

1300 

54/1 9 

.1380 

84/1 9 ; 

1600 

?2/7 

2000 

(50/4)/l9; 

. 1200 

C58/4)/l9‘ 

1280 

( 60/6 )/1 9 * 

.2100 

(62/8)/l9‘ 

'3000 



Table II Indian Manufactuivr IS1398 (1961) 


Coyote 

0.625715.86 

mm 128.5 lan 

26/7 

Tiger 

0.65/16.52 

128.1 

30/7 

Vfolf 

0.715/18.3 

^54.3 

30/7 

lynx 

0.77/19.53 

179 

30/7 

Panther 

0*828/21 

■207 

30/7 

Lion ' 

p. 875/22 .26 

232.5 

30/7 

Go^'t 

1 .02/25 .97 

316.5 

50/7 

Sheep 

1 .1/27.93 

566.1 

30/7 

LOwr 

1 .18/29.89 

419.3 

30/7 

Elk 

1 .24/31 .5 

465 .7 

30/7 

Moose 

1 .25/31 .77 

515.7 

54/7 

Table 

III 



COPPER 

GOl'TDUGTOR 



Mumb'er 

Siamctcf 

A jipr ox • 



inch/imn 

Current 

— 



Carrying 

* 



Cap;. city, A 


7/^'. 

.5/12.7 



6/0 

.464/1 1 ,785 



5/0 

.432/10.97 



4/0 

.4/1 0.16 

480 


3/0 

.372/9 .45 

420 


2/0 

.348/8 .84 

360 


0 

.324/8.23 

3I0 


1 

.3/7 .62 

270 


2 

.276/7.01 

230 


3 

.252/6 .4 

200 


4 

.232/5 .893 

175 


5 

.212/5.385 

150 


6 

.1 92/4 .877 

125 


7 

.1 76/4 .47 

110 


8 

.1 6/4_,.064 

90 


9 

;1 44/3 .658 



io 

.128/3.251 
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TABJM 



Propei'ties 

of Some 

Metals 


Metal 

Specific Resistance 
ohm~m 

Temperature Coeffi- 
cient of Resistance 
per 

Spec if ic 
Gravity 

Platinum 

1 0 * 6 x 1 0 ~^ 


0.003 

21 .45 

Iron 

io 


0.005 

7.86 

Molybdenum 

5.7 


0.0033 

10 .2 

Tungsten 

5.5 


0 .0045 

19.3 

Aluminium 

2*7 


0.00446 

2.7 

Gold 

2 4 


0.0034 

» 

— 

Copper 

1 .7 


0.00393 

8.92 

Silver 

1 .63 


0 .0038 

10.5 
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PaOCBD UPiB S F OR ^ B .H .V_ _LCTB__DLS IGijb 

P art I i B^ed on Sjbe . ^t e ^ 0 , B _:uai'^ 

This is Part I on o«h*v. transmission-line design. It dO‘,s not 
cover sys cem or iiibcrconncctrd network design such as load How, but 
only the design of the lin 3 _ from fche generating end to tjio loid end. 
Part II covers line insulation clearances based upon pov/or frequency^ 
light iniiig," and switching~surge overvolt agej. 

This lecture will cover the following topics: 

1) Introduction and problem statement. 

2) dimensions of typical e.h.v. lines. 

3) design limits and .contraints for 

(i) current density; (ii) voltage limits; (iii) corona- 
inception gradient and margins; (iv) Radio Noise; (v) Audible 
Noise; (vi) Electrostatic field; (vii) corona losses; 

(viii) line compensation. 

4) design data and Equations. 

(i) decision on voltage and load delivered psr circuit; 

(ii) charge of conductors; (iii) Electrostatic Field; 

(iv) Conductor Surface Voltage Gradient; (v) Corona-inception 
gradient; (vi) Radio Noise level; (vii) Audible Noise; 

(viii) Corona loss; (ix) Voltage control at Power Frequency. 

5) design SxanffJles . 

(i) 400 kV 400 Km 1000 IIM with only shunt reactor compen- 
sation; 

-V* fj 

(ii) 400 kV 800 Ivm 1000 llw with shunt reactor 1505^ series 
capacitor compensation; 

(iii) 750 kV 500 ICm 2000 l&v with only shunt reactor 
compensation. 


KDB~75 


Extra High Yoltage (BHV) piid Ultra High Yoltage (UHY) lines 

for 400 kY to 1200 kY and higher are being exposed to nature vfhich 

have important enyironmental effects so that design constraints 

have to be not only stringent but also emphasis has to be shifted. 

Upto the 345 kV level, line designs have been based upon (a) current- 

carrying Capacity (b) use of synchronous condensers ard sv/itched 

capacitors for voltage control at line ends, and (c) insulation 

clearance at towers and between conductors based upon lightaiag. 

_ , ^ solid ■ 

requirement. Recently, sophisticated /state YAH systems are coming 
int o use » 

But at the higher voltages (400 kV and above) the important 
factors to be considered are 

(a) current density because of increased loading! 

(b) bundling, corona-inception gradient and loss; 

(c) shunt-reactor and series-capacitor compensation; 

(d) electrostatic field effects at 50Hz; 

(e) radio interference and -audible noise; 

(f) insulation coordination based upon switching— surge levels; 

(g) miscellaneous factors such as ferro-resonance increased 
short-circuit current in ground, S3ngi:d-pole_rcc losing; and 

(h) use of gapless surge .arresters for both Ij.ght rd.Mg and 
switching-surge duty. 

This paper gives proposed design procedures for e.h.v. lines 
(a) to (e) which are steady— state limits, while the second and 
subsequent part describes insulation design requirements based on 
transient considerations, mainly the dynamic voltage rise during 
single-phase-to-ground fault, lightSiia^ and switching operations. 

Design of an e.h.v. line^is alv/ays a case— by-case study but 
it is the purpose of these papers to give the' outline of procedures 
that can be followed and suitably modified . The contents of the 
papers will be useful for line designers, research workers, managers,. 
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and decision makers » ITHrco examples are worked out to illustrate 
the application of the procedures to (i) a 400“Km 400 kV line -V'^ith 
only shunt-reactor compensation, (ii)'an SOO-Km 400 kV line v/ith 
shunt reactor and series— capacitor compensation, and (iii) a *'.500— Kin 
750 k? line without series-capacitor compensation* 


II* ll'IMBl'TSIOFS OF TYPIGAI LITRES 



Table : 

I gives major 

d imens ions 

-Of some typical lines 

existing 

and 

proposed in the .world 

from 400 ] 

k:V to 130 c 

) kV, 4.0 

, (411 dimens- 

ions 

t'M’e in 

metres) • 









Table I: 


Dimensions 

of Typical lines 

- 











No. 

Voltage 

Type 

Conductor Details 

Height 


Spa;c ing 


kV 

N 

r 

B or R 

H 


S 

1 

400 

S/0,Hor * 

2 

0.0159 

B=0 .4572 

13 


11 



S/0, 1 




13 . 5 , 21 

.2 

13 



D/0 




12.4, 21 

#6 


2 

735 

S/C ,Hor . 

4 

0 .01 76 
O.OI 5 

0.4572 

13 .8 


I 5 .2 

3 

800 

S/G ,Hor . 

4, 

0 .0204 

0.6 

18 


15 

. 4 

1000 

^0 ,Hor 

4 

0.023 

B=24r 

. , 15 , 


17 



6 

O.OI 9 




5 ' 

1150 ' 

'S/C,Hor 

8 

O.OI 2 

0.4 

14.5 or 

18.5 or 


23.5 







21 



6 

1150"" 

"Delta 

8 

0 *0205 

R=0 .535 

26,44 


24 

7 

1200 

S/C,Hor ‘ 

6 

0.0232 






' ' ' • , If 


6 

8 

0.0254 

0.0207 

RznO 

21 


18 




8 

■ 0.0232 

“* 

- 


. 

8 

■1300 

S/C ,Hor 

4 

0^026 

B=24 r 

17.3 


20.5 




6 

o;o 22 







8 

O.OI9 
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Hie range of values of major design limits and constraints 
Tinder whicii lines have to operate are given in this section follow- 
ing typical' practice: 
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2 

(i) Current Density : 0*75 to 1 A/ma * 

(ii) Yoltage Limits EG and ISI Standards* lon-Standerd 

nominal kV 345 400 500 735-765 lOOO "HTo 

Hax imura kY 362 420 525 765 1050 1200 

Suitable compensating equipment must be provided at both 
ends so thr-t bus voltages should not emceed the maximum sti- 
pulated Values-, 

(lii) Oorona — Eception Q-radient : fair weather, the ina.rgin between 

corona -incept ion gradient on the stranded .conductor and the - 
surface voltage gradient at maximum operating voltage is kept 
between 1 0% and 30f° * Some-lines operate with 0% margin but 
take measures to counteract high level of radio interference 
by other means such as increasing the broadcast station signal 
strengths along the line route if these arc few, or increasing 
the width of line corridor* 

Sadio Noise ; The limits for El are discussed by the aut-hor 
in Reference 1 . As of today, no El limits exist in 'India*.. 
However, following practice used elsewhere, a designer can 
limit the noise to 40 above 1 |JiV/m at 1 DlHz in order .to 

' fix the width of line corridor. 

Audible Hoise : limits for AH are discussed in Reference 2. 

The most widely— used desigii criterion is due to Perry of the 
Bonneville Power Idministration in- the U*S*A. Ho limits exist 
for Edia and a designer can use a line geometry based upon 
53 dB (A) in order to fix the width of right-of-v/ay (R-O-V/) 
for the lino corridor. 

Electrostatic Rield : At 50Hz, high electrostatic fields 
exist which will have adverse effects on human beings, vehicles, 
animals, plants and food crops, fences and buried pipe lipics. 
(Reference 2) « AgaE, no limits exist in Edia and a designer 
should aim at keeping the maxEum value of.e.s, field in the 
lEe vicEity to I 5 kV/m, r.m.s.. This is the lEit for let-go 
currents in a normal human be Eg. 





(Tii) Corona Losses ; .These are of importance iii r.-iiii and is invifcG 
TTifficult matter to specify at the dcsi-.i st- cco . Thcru 
are instances vhien power statiojis have been unable bo handle 


full rated load because of very hl-li corona looses i L. fan' 
weather y a maximum value of 5 Kv//lCrii is aimea :.'t * 

(viii) line compensation i The componsatinG, o (iiixpracnts ave .Liable 

to a designer are (a) sv/itcli^d capacitors^ (li) shunt -I’eactor&j 
(c) synchronous condonsersj (d) series cap-iciboro, md 
(e) static ViS systems. 


These v/ill be described through line-doSign cxaniplco . oeries 

compensation has not been used hi India for lines upto 4C)0 inn at 
400 hV . But this may bo required for increashig the power“h.:’j idling 

capacity when a line of 800 Km at 400 kV is considered .-n h,,s been 
done in Sv^eden. 


U. 


ISSIGK D AT A A>D E QU ATION S 


(i) Decision on Voltage and Delivered lord per C i rcuit : 

■The choice of suitable EHV level for India has formed t>ie 
subject matter of many conforences and symposia hold by the C *15 .1.1. 
(References 3y4). .As a start, with equal voltages .'t the ocndixig-and 
receiving ends with 30° phase difference, one circuit can handle a 
power’ of- P =0.5 -V-./l x, where I=liue length and x = positive-se qu~ 
ence reactance per phase per unit length. The correspondiiig percen- 
tage power loss in transmission is (neglecting corona 1o:js) /o p =‘ 

-.50 r/x,-with r=conductor resistaiice per unit length. 

Tablell shows average values of r and x used, the power per 
circuit in Mw, and 'the % power D-oss in transmission at various levels 
from 400 kV' to 1.200 kV* 
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TableIX t Power* 

-Handling Capacity, P 

, and % Power 

loss ,p 






"System klT 

r, ,ohm/Km 

X , ohm/fei 

lie~hgth , 


1 ^ 

1 

400 

0.031 

0.327 

400 

640 

5.1 

"7^.0 

0.0156 

0.272 

400 

2600 

2 .7 

IOOO 

0 .0036 

0.231 

400 

5500 

0.85 

1200 

0 .0027 

0.231 

400 

8000 

0.64 


(*) Bor other line lengths, L, the power~handlir^ capacity per 

circuit is inversely .proportional to L* Multiply P by (400/L) . 

Bona the above table it is evident frora the last column that 
2 

to keep the I reheating loss to a minimum, higher voltages have to 
be preferred in order to conserve energy, ilso, one IPOOyk? circuit 
can handle as much pov/er aS 3~750 kV circuits and 12-400 kV circuits 
for the same distance of transmission* This will decrease the width 
of line corridor • 

i 

f 

> 

Okarge of Oonductors ; 

« t 

Many e.h.v. phenomena depend on the SOHz charge per unit length 
on the conductors. jThese are (a) the e .s . field, (b) RI and lif 
caused by corona v/hich depend on the conductor surface voltage gra- 
dient, and (c) corona loss. The charge per unit length on.the 3 
phase -conductors is given by IjQiUl t '•'^here the zaadlaslx: 

~ ,;with[^Pj= Maxwell's Potential Coefficient Matrhc . 

Its elements are (PHi/R^^), Md i ijd = 

1,2,3. Here, Hi = average height of coiid'uctor i = igfatimum height 
+ sag/5, = aerial distance between conductprs i and = 

distance between conductor i above-ground" and the' image of conductor 

j below ground, and = H (H. = geometric mean radius or 

e 4. 

equivalent radius of the H-conductor bundle with sub-conductor 
radius r distributed uniformly on a circle of radius R. 

The inductance matrix is 111 = 0.2 T^Pj , |3H/m, and the capa- 
citance is £ o'] = f' p/m. 
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(iii) Electrostpitic Field : 

The equations for the field at any point (x,y)in the vicinity 

of the line from an origin piaced at sny convenient lbCL.'tiOji (usually 

at ground level under the centre phase) are given as follows; 

*> 

Vertical component ; ] 

r 2 12 - 

Horizontal component ; Bj^(i)=(qj_/2ireQ)(x“X^) ^j_) J 

2 2 2 
V7here D. = (x~x-) + (y~H-) ) ^ ^ ^ 

^ -^ ) i?=1 ,2,3 - tv 

1 2 2 2 I 

and (D -) = (x~x^ ) +(y+H - ) ( (x^=horizontal coordinaite of phase- 

, conductor i) . 

i “ 5 ' ■ ^2 

To tal field : = \' 2, B^(i) 1 ^ * f 2- \ (i) 1 

“ 1.1=1 ^ ^ L 

Each of these is a 50-Hz quantity so that addition of 3 phasors, 
and determining the resulting amplitude is a straight-f orwnrd pro- 
cedure, Reference 5* The charge q^^ is that of the entire bundle and 
is calculated from the. known transmissic(n voltage matrix f Vl = 

V|[sin wt, sin (Yrt-120H sin (wt+l2o-)'3 t and -thd' matrix 3 » which 
depends only on the line d.imensions . The .voltage to be used is the’ 
r.m»'S. value of the line-to-ground voltage .in kV .in which case the 
amplitudes of vertical, horizontal and total e»s .'.field v/ill be in 
kV/m f r*.m.s. 

(iv) Conductor Sur:fac'e Voltage Gradient ; j ■ ' 

On a buhdle.TConductor, the surface voltage gradient on the 
sub-conductors will vary along their periphery, Reference ?. The 
maximum value is very- closely given by 

Snajc = .(1A) .(1/r) . LlfCS-l ) ■ 




Corona'^Inception Gradient 

In this paper, Peek -’a f orm-ula is used. Por a stranded conduc- 
tor of radius r metre, the corona-inception gradient is 

= 21 40 m d '(1+6 »0301 / -J r S ), kV/m, (r.m.s.) 

Here, m = 'a roughness factor = 0*8 te 0.7 in fair weather 
- ' . ' - = .0>65 to 0.55 in rain 

S = air-density factor = (h/1 01 5)(273+tQ)/C273+t) 
b = barometric pressure in millibars^ 
and t = temperature • 

As of the present time, Indian Standards specify t = 2o°C but 
o ^ 

will consider 27 0 as future standard. The barometric pressure 

Taries with elevation and temperature . (References 8,9) 

C'vi) Radio Hoise level ; 

Ihe 0.I.GJ1.B. Pomiula is used xn this paper for voltages upto 
750 kY which have 4 sub-conductors in the bundle. Ihe formula is 
(References 10,l2). 

V * ' 

RI(k) = 0.035 Ejjj(k) + 1200 r ~ 33 hog [ I)(k)/2o] -30, dJB , 

Here, = maximum surf see voltage gradient on any conductor k, 

(k = 1 , 2, 'in kY/m,, 
r = sub-conductor radius in metre, 

R(k) = aerial distance from phase conductor k to the point 
where the EH level is to be evaluated , in metres • 

In order to add the EI_ oont.ribution due to all y phases, rules are- 
given in OISER Publication^ Ho .74, References 12,13* Ihe -above 
formula applies in average -fair weather at 6.5 Hlhz while at 1 Mz 
the SI level is 6 dB lower. If one of the 3 calculated values of 
RI(k) is higher by at least 3 dB than the other tv/o, this highest 
■ value' -is taken to be the total RI level of the line • If one of the 
RI(k) is lower than the other two by 3 dB,,then the total El leveL. 
of the line is RI = I- (sum of the two highest + 3) dB# 
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(T<ii) Audible Noise i 

In this paper, the formula developed by the BiPkA* is used* 
Bor N<3 ,, the formula is (R.exerence 1-4) ‘ 


All(k) = 120 -t ” l08[,I>(k)]- 2454, dBU) 

S'or K;5'3 ill a bundle, add 26*4 log (IT) - 13 - , dB (A) 

to the above expression*- Bor i^=4y this is 2*894 dB(A)«' Tnc bote.l 

8ound Pressure Ifevel due to all 3 phases is 


SPIi — 1 0 • log"! Q 


3 

k=1 


10 


0.1 Al(k) 


d,B(A) 


(viii) Corona Loss,- i 

Oe the many formulas available, the following is used which is 
due to Ryan and Henline, Reference 15* ‘ 

= 4 f C¥(Y - V^), Mw/Km, 3~phasej 

v/here f =• frequency in Hz, C = capacitance of line to -grO'Und in 
B/Im, Y = r.m.s. value of power frequency line~to~liiio 'wol,otage in kl 
and 1^0 ~ 2 ?.m.s. yalue of corona-inception -voltage in kY . 


(ix) Yoltage control at Poy/er Brequency : 

Ihe equations relating the sending-end voltage and current with 

) 

those at the receiving end are 



! r . 


Y„ 

j B 

j 

s 


I ^ 


» p 1 

I 

L r -I 


with A=Cpi AD-BG = 1 . 

Ihe generalized constants A,B,C,D have the follo?-ring values, 
(with 2 = (r + 3 wl) 1 and Y = jwcl) : 


(a) Bor only ' the -line t A=D~cosh pi, B=Z^ sinh pi, 0 = (sinh pl)/2o 

p ^ yi7‘ ; Zo - J i/ "91 

r,l,c = dd-stributed resistance, induettance, and capacitance of line 
per Km . 
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p * Zq = propagation constant and surge impedance of lire 
and li = line length in km. 

She quantities Ji,ByO,D, p and are complex with magnitude and 
angle 

(^) Shunt-reactor compensation : 

When reactors of admittance each are connected at the 

two ends of line, the total A,B,C,I) constants are 


Arp ? 


A 

». B ^ 


B 

j 


0 “ 



! c 

, B_ 

; I 

L t y\ Q, ’ 

I 2A-dB-.B 


B 


(c) Series Capacitor of Reac tance locat''-=’d at centre 


I f B^ 


~A , b" 


' Sinh pL, , S^CI+cosh p L) 

= 



i 

I Sij. , B(j, ' 

i ' 

C , B. I 

! (cosh pL~1)/Z^, sinh pL ; 


Line 

(d) Shunt reactors at line ends and series capacitor at middle 


A Sjjt 1 

rA,B' 

\ 

[b ,0 

1 i 


1 SinhpL, 

Z (1+cosh pLs 
0 1 


f 

\ 

C,D 

J 

-j hi 

i2A-jBxB, B 

i-« > v*, 

! ! 
1 

t 

\ 

■ coshpl-1 

“ » 

^ 0 

* 

SinhpL J 

i 

i 


^c^L 


1+ cosh pL, 
2 

L 


O 


I ^ sinhpL-jBxCI+coshpl) , 1+coshpL ] 

I "n J 


Note: All quantities except Bj^ and are phasors with a magnitude 


and angle • 
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Phase spacing is based on recommended clearances for switching 
surge* Por 400 kV , the phase spacing will be l2m« At 750 kV' ,, the 
phase-spacing is l5m* 


Oho ic e of Conductor Size 


A 2-coiiductor bundle for 400 kV and a 4-conductor bundle for .7- 
750 kV Y/ill be used with- spacings of 45 cm between sub-conductors. 
Ihe conductor sizes are r = 0.0159 for 400 kV and 0.015 to 0.0l75 
for 750 kY # Phese sizes will be checked, for (a) corona inception, 
gradient (b) margin bctviecn this gradient and maximum surface vol- 
tage gradient at operating -voltage , (c) electrostatic field, (d) El, 
(e) A1 and (f) corona loss. 


(a) Corona inception and Margins : With roughness factor m=0.7j ^ =1 , 


(i) = 2140 (1+0.0301/^/0.0159)x0.7 = 1856 kV/m for 400 kY 


(ii) = 2140 (1+0.030l/70.0l5)x0.7 


1866'. Wiai 


(iii)EQ^ = 2140 (1 +0 .0301/ 7 0 .0l 75)x0 *7 = 1839 kY/m 


for 750 kY 


400 kY : Using U=2, r=0.0l59, R=0 .225 , S;=12, and H=13, the maximum 
surface voltage gradient on the centre phase conductor comes to 
16.82 kY/cm = 1682 kY/m at the maximum operating voltage of 420 k7, 
r.m.s. The margin is x loof^ = 9 ,4?^ Phis may he consi- 

dered satisfactory. 


If 30^ margin has to be maintained, the centre-phase gradient 
has to be limited to 0.72:1856=1300 kY/m. Phis requires conductors of 
nearly 1 ,5 inch diameter which is equivalent to at least the Plover 
of Forth American manufacture. (Reference 16,17)* 

150 kY ! With F=4, r=0.0l5, .R=0*3l82 (=.45 /n/ 2), S=l5, H=18, the 
centre-phase gradient is_l9*9 kY/cm = 1990 kY/m. Pherefore, with 
corona— inception gradient oalcuiated as 1866 kY/m, corona has 
started . 

But V7ith r = 0.0l75j the maximum gradient is 1 7 *4kY/cr:=1 74.0kY/m, 
which is lower than the corona-inception gradient of 1839 kY/m. Phe 
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margin is x 100f= = 5 In the case of the outer phases 

the margin comes aut to be nearly Iheso values will bo used 

further to check for RN, AN, etc. further calculations will be 
based on r = O.Ol75m« 

(b) Radio Noise 

400 kY : Here, the maximum surface voltage gradients arc : centre 

Phase-.*- 1682 kV/m; outer phases - 1600 kV/mJi'rom the CIGKB formula,, 
at 15 m from the outer phases the HI ‘levels due to the 3 piiaises come 
out to be RI^.j^ = 45 dB, EI(' 2 ) = ^^(3) = ^6 dB . . * . HI of 

line is i (45+42+3)=45 dB at 0.5 Wiz and 39 dB at 1 khz. At the edge 
of right— of ay, the level is to bo limi'bcd to 40 dH at 1 IvIRz . 
Therefore, the width of R-O-W extends to 15 m from the outer phase. 

750 kY ; = 1740 kY/m, E^ = 1650 kY/m. At x = 1 5 m from, outer 

phase, CIGBE' formula gives RI(1) = 46*5 dB, RI(2)=43.9 dR, RI(3) = 

36 dB. RI = 46.7 dB at 0.5 I5Hz and 40.7 dB at 1 I-ffiz. This is 

slightly above 40 dB . . At 16.5 metres from outer php.se, the RI level 
vforks out to be 40 dB . This may be considered as the edge of the, 
R„0-W . While these values can be used for preliminary designs, it 
might be worth noting that the CIGEE formula has a dispersion of 
+ S^.dB at 0.5 Mz a Therefore, it is fruitless to specify the edge 
of R-O-Yf with any great degree of assurance at this staged Please 
see Reference 1 for all. other considerations, especially, for 
Signal/Noise ratio basis for setting RI limits « 


(c) Audible Noise 

400 kY : AN(1)=^1.3 dSCA), AN(2)=42.4, AN(3)=37.7 at 15 metres from 
the outer phase * 


SSL = io Los [ 3-^ -24*3 .77] ^ 
This is less than the limit of 53 d3(A) 
hed by RI 3,evel is therefore used. 


46 dB(A) • 

♦ The width of R-O-W gover- 
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750 kY ; At 15 metres from the outer phase y 

Al?(1) = 48, AH(2) = 49 and ijlX3)= 44.3 d3(l) .. 

SPL = 52.3 dB(l). *The_edge of at 1 6 .5 metres from outer 

phase is O.K». from All point of view* 

fd) Blectrostatic Field 


4C0 kY 

I 

t 

• 

~5 .64 .87 

. 39 " 


-*1 

.1728 

-.0256 

- .008 " 


.87 5 .64 

.87^ 

;giving[M"] 

11 

11 

-.0256 

.1772 

-.0256 


.39 .87 

5.64_ 


i 

.-.008 

-.0254 

.1728 


The maximum ground—level field at 420 hV works out to be 8kV/mj, 
r.m.s. Phis is lower than the limit of l5kV'/m. Therefore, the line 
dimensions are satisfactory. (References 18, 19) * 


750kY : The maximum ground-level e .s . field works out to 6.7 kV/m. 

Prom the £?1 and ■[_]\!Qmatrices the positive-sequence inductance 
and capacitance are 

400 kV : L = 0..985 mH/lCm, C=1o.82 nP/Kra 

73 Q kY ; L = 0.866 mH/l<m, C = I 3 nP/Km. 

(®) Corona Loss : --'f- 

Since the corona— inception gradient Is higher than the surface 
voltage gradients, no corona— loss is anticipated in fair weather* 

730 kY ? When using r = 0.0175 -metre for the sub— conductors , no - 
corona is present and loss is not of consequence in fair weather* 
Important ITote : It is emphasized that the design procedures laid 
down here are not the only set of steps • The method followed in 
the U.SiP. eonsists of fixing the conductor size based on cixrrent 
density point-of~view for the load carried and the voltage , and 
then selecting the spacing between the phases from considerations 
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of surface voltage gradients* This usually requires conductors ■ 
larger than used elsewhere* In the U*S*A*.j line designs for 750 k? 
and higher (1150 kY) are based on selecting the line clearance 
from the point of view of -keeping the electrostatic field ‘to below 
9 k¥/m, and then fixing other dimensions . 


(f) line Compensation 

'The line parameters calculated from final ‘dimensions arc : 


L, mH/Km 

400 kV. 0*985 
750 kV- . 0*866 

Bxampl.e 1 t 400 kV, 
^ = 9.2+0124, I 


C , hP/Km X , ohm/Km 

10.82 0.31 

1 3 0 .272 

400 km, 500 liV/circuit 
=31 *36x1 0 ”^, 


Y, mho/Km r , ohiii/Rm 

3 .4x1 0 *^ 0 .023 

4.082x10*^ 0.0136 

302 .3- 


n(ZY = pi = 0.411 / 88 ° , cosh/zr= 0 . 91 7 /*36 °, sinh>/SY =. *4 /88° *1 

Bor the line : A= 1 = O. 9 I 7 / *36° ,, 1=120*77 /86° , 0=1 ^32x1 
' - Rhunt reactors of 50 IIVAR at 400 kV may be used at each end 

with Bjq = 0.3125x10**^ mho. 


. ■ . Aj = = A ~ 3 B3^B = 0*955’ • 


Tfe select a sending-end voltage of 400 kV, giving a load-*end voltage 




of - 410.85 KV v/liicli is belov; the maximum allowable 

value of 420 kV . = 120»77 / 86,^ = B. 

G =G~B?B-n2BTA = O.Slxlo"'^ / 90° . ’ ' 

Jj ^ li — — 

% compensation = (1 .32 — .63) I 00 /I *32 = 52 .3?^ • 

mth V =418.85 kV and V = 400 kV, tho centre and radius of 
receiving end circle diagram arc as follov;s. 

C entre : x = AgyB;j)i cos = - 96 *8 MAE 

y = « = - 1384 MAR 

Radius : R =j7^ = 1387*3 MA 

Bor 500 I®7} required switched capacitors amount to '<^=132 MAR 
for unity power factor load. If load power factor is lagging, mQrG_ 
capacitive compensation across load will be required.. Bor example, 
at 0»95 log, total MAR in capacitors is 287* 

Example 2 : 400 kV. 800 Km. 500 M7//circuit, 50f° series capacitor 

'Compensat ion ' 

2 18.4+0 248 = 248.6 / 85°8 , Y = 2.72x10*"° / 90° , E^=302 *3 /-~2°1 

f 

pi = /m = 0.822 jss^, cosh pi = 0.6817 /l°765 , snih = 0 .733 /88j, 5 

Bor the line i A = 1 = 0 .681 7 >765 , B = 221 .5 / 86 _.3_7 , 0 = . . .. . 

2 .424x1 0*"^ / 90°6 . Bor the series capacitor, =124 ohms. 

Yoltsges selected are = 420 kV , Y^ = 400 kY> 'giving 

I = 0.9524. _ . 

Arp=A~oB-j.B~o w°y"“ sinh 's/S ~ "S' ®1 GOsh/ir} 

= (0.83166 + 116.81 Bj,) + 0 (0.021 ~ 15.33 B^^) 

This gives = 1 .0333 x lo*"^ miio aoi 165 MAR at each end at 400 kY . 

A^ = 0.9524 / . 31 3 ° . 


Bm = B ~ 0 i (1 + cosh/2Y) = 117.8 / 82°.5 

JL C 


EDJ3-88 




iOBhJ^l _ i=^ slxoijii 

*“0 0 

+ 3 * ^0 4 

= 0^02 X 10~^ /89°. 7.. 

Charging current =0^7^ = 185A, B'lVAR =. 128* 
io compensation provided by shunt reactors = 679^* 

Centre of receiving end circle : -193»5 iW. ? ~ 1413 
Radius R = U26' IW. . 

Req.uired switched^ cap^’Citors at load end for 500 Mi at unity po'ver 
factor = 167 MAR, 

Example 5 : 750 k7» 500 Km, 2000 M , 

A=3)=cosh pL = 0*866, B=129.2 / 90° , C=1 *945x1 / 90 ^ . 

Try ='750 kYl~ = 1' = A-j B giving J3^ = 1 .037x1 0"“^ mho 

At 750 kV', PIVAJl = 585 at each end 

= C - j2A Bj^ 3^. B= 9x1o'“^ ^0^ ■ 

fo compensation = 95^? This'”may' be too much •Bor 50/^^ compensation, 
or 300 MAR at each end, for Y ^ 750' ky, Y comes to 700 kY . 

Bor 400 MAR compensation in shunt reactor at each end-i Y^=720 kY 

I s 

for = 750 kY » This will be selected. Rroin circle diagram, for 
2000 M load at- 1 .0 p.f switched capacitors for 500 I'lYAR arc 
re quired • " ' - ' - ^ 


'T 
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PROCEDURES BOR B .H ,V . LII^H CTSUIiATIOM DESIGNS 

' ♦ 

PART ‘II : BASED UPOB TRABoIEImT 0 VERY 013} ABES 
I. DTORODUCTIOR 

Selection of conductor size, bundling, axid*otbe.r geometrical 
details of an e.h*=v. line was the subject of discussion of Part I 
of this v/ork, Reference 1* The present chapter ^ discusses insulation 
requirements based upon overvoltages caused by (a) power frequency, 
(b) lightning, and mainly (c) avfitching . These govern (i) insula- 
tion clearances, (ii) insulators and air-gap clearances required 
at towers, and (iii) insulation clearance betv/een phase conductors 
in the span between towers* 

Pield studiesconducted on an. existing system, whose design 
has already been finalized and put into operation, are only 
helpful in checking the design adequacy of that particular system, 
and in addition provide a lo^ of data for a similar system in future. 
These field studies can also offer the basis for checking calcu- 
lated' values of overvoltages from model studies, which can take 
the form of physical models on a Transient Network Analyzer (THA 
or ARAOOM) , and mathematical moods using the Digital Computer ► 

As such, all these studies are complimentary to each other. The 
results of field tests conducted on one system (or TEA and Digi- 
tal computer study) should wiJ be used for designing a future system 
elsewhere, as has been pfoye-d to be the case in most system desi- 
gns- carried out in lorth America, where field testing is being 
continuously undertaken by utilities at. groat expense. If such 
were not the. case, then only one field, test on any one system 
would have been adequate* ‘ 

The principles upon which insulation levels fre selected 
arc brlLy two: (1) A knowledge, of all relevant properties of 

4 

overvoltages which a. system might exporiencG}; -and (2) a knowledge 
of insulation 'characteristics for all- typesi*f voltages to vyhich 
it will be subjected. Both of these factors have been the sub— 
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ject matter of very extensive, exhaiistive , expensive, and enlightened 

studies-all over the world where e«h.v* labor'-'torios'liaT® been 

® . 

very active in this field of research and development. As such, 
only the Froad principles will be discussed here to synthesize the 
present state of the art and provide new foimulastto apply to the 
design of line insulaticn. Specific cases of a 400~kV lino and 
a- 750-:4c? line ’.vill be' presented in order to realize the design 
procedure and to check its adequacy. 


Ifo design procedure can be edhsidered as yielding the final 
result, hecausc all such studies lead to the main objective of 
evolving a preliminary design for the to?/cr structure details and 
clearances, which will then make it easy during mockyup studios to 
verify and linalize the design. EHV line clearances have now 
become so large that they have reached the saturation region in 
the gaplength — breakdown or withstand voltage rellation so that 
even a slight reduction in tho sy\ritching overvoltage magnitude 
brings about a considerable decrease in air~gap clearance required, 
resulting in economy. 


II BISOUSSIOI gg RaD~PLAFB GAP hSSiGF 

Ihc basis for selection of air-gap clearances between _6ny 
^ given type of electrode geometry can be related to the rod-plane 
gap properties. As a preliminary example to illustrate the proc- 
edure of selection of insulation clearance and the’ effect on non- 
l^earity in the relation, whore = ciiticar flashovor 

(50/0 probability) voltage in kY ard d = gap distance in metres, v/e 

^sume the positive switohing-surgo formula of leroy and dallot of 
* Q * Which is Y^ _ 3400/( 1+8/d), Eoferonce 2. Wc novf apply 
tnis formula for a 400-kY line and a 750-kY lino. Iho' 1' p.u. 
line-to-^ro-und crest value is 420 = 343 kY at the maximum 

oper^ig voltage of 420 kY, r.m.s., for the 400-kV line, and 
750^2/3 = 612.4 kY crest for the YSOykY lino . • Bor switching surge 
levels of 1 p,.u„ to 3^'p.u,, the required' to^ap. lengths are 

calculated and as a comparison calculations are also made accor- 




ding to Pari'?'^ f-ormuLa, Rofcrcncc 3: = 500 The with- 
stand ToltcigS for all gap lengths is assumed to "be »15« 

Table I : Rod-Plane Gap clear'ance for 400-kV and 750-k¥ Iiinos 

Based upon Positive Switching Surges (voltages in kf7,’ 
- gap length in metres) • 


. 


400-kV 

Bine 

1 

750-kV line 

P.U. 

value 

With- 

stand 

GPO ' 
¥=1 .1 5 
Y.rr 

w 

= 

s/(^3° 

^2= . 

■ )1 -661 

500 1 

v„ - . 

w 

6l2,4Kg 

OPO 

¥= 

1 .15 

di 

do 

1 .8 

617.4 

71 0 

2.1 

1 .8 

1102 

1267 

4.753 

4.712. 

2*0 

686 

789 

24^ 

2.14 1 

1225 

1408 

5 .66 

5.62 

2.2 

754 *6 

867.8 

2,74 

2.51 

1347 

1549 

7 

6.59 

2 *4 

823.2 

946 *.7 

3*09 

2.9 

1470 

1690 

7.91 

7.61 

2,6 

892 

1 025 ,6 

3!^55 

3.31 i 

1 

1592 

1831 

9.34 

8.7 

2.8 

960*4 

1 1 04 .5 

3.85 

3.75 i 

. 1715 

la.72 

11 .05 

9.85 

3 *0 

1029 

1183*4, 

4.27 

4.2 ^ 

' 1837 

2113 

1 3 *1.3 

1 1 .04' 



The above figures reveal the followir^ properties;,. 

1) Por the 400— kV line, an increase in sv/itching— surge m^nitude 
from 1 .8 to 3 *0 p*u* (an increase of 66 over 1 .8 p«.u*) requires 
an increase of 103*3% (2,1 7 n over 2,1 m) in air-gap when using the 
leroy and Gallet formula* Parises formula gives a 2 *4 m increase 
over 1 .8 m or 133*3?^ for the same .range of sv/itching-surgo magni- 
tude change of S6*l% over 1 *8 p*u* ■ ' 

2) Por the 750-kV line,' the non-linear effect is more pronounced! 

The gap ’length has increased from 4*753 m to 13*13 m“, an increase of 
176^, for 66 »7^ increase in voltaic*. 

.-The calculations given above arc based on asortain important 
©ssumptions which have experimental basis, but have serious limi- 
tation if applied universally* Therefore, in the opinion of the 
author, each case must bo chocked for adequacy on a mock— up in an 
6*h*v. laboratory* These limitations ?/ill be detailed in later 
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sections* The assumptions made for these calculations are as 
follovrs ; 


a) The v/ithstand voltage is 15^- Imwcr than to 50f° flashovcr 
voltage 

■fa) This is based on the well-known and nearly universally— adopt cd 
rule that the withstand voltage is 3 standard deviations bolow 
the OEO 

c) The standard deviation is ^ =5% of GE’Q* These ore average 
values ani-show ?/idc variations in practice which depend on 
several important factors such as 

i) the choice of waveshape of switching., surge 5 

ii) the variation of cr- with tho wavefront time of surge as 

. -well as the gap lengthj 

iii) atmospheric conditions 5 and 

iv) that the flashovcr probability follo’ws a Gaussian 
distribution with a knovm median value and standard 
dG-^Tiation. 


In addition to the above two formulas, = 3400/( 1+8/d) and 
500 ^ * , before, there are several other ' 

empirical ava'ilable in the extensive teclmical litcrf.turc 

on the subject of flashovcr of long gaps, (Rofurcnco 4 and bibl- 
iography given in Section Z.)* Some of these are quoted bolov/ for 
the GRO or 30% flashovcr voltage. The viues arc crest voltages 


and for posibive polarity (cx;ccpt for a*c.) and in k¥ v/hen the 
gap length d is in metres* 


- Gap Geometry Iiightning h.G., 'Sover Frequency , Switching 
— — : Surgbs 


1 ) Rod -Plano 

1 . 25 / 50 ^: 

500d 

1 / 50 : 667d 

1 ^/50;540d 

500d 

SGOd+ljf 

g52d^*“5'76 

455d+25 

535 

500d^*^ 

3400 (1+^d) 
loo()^oCT-; 

2 ) Rod —Rod 

a 

1 .2/50fis; 
580d 

555d 

500d 

1 20/400US 

687 .d°‘^ 
350 / 23 OOUS 

872 
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III. GO])n)TJOIOR~TO>-.ICMSE AIID G OI JDUO IOR .^T 0- <GR0mTD CIEARaRGa 

The rod-piano gap length roquirc-d -for positivo-polarity . 
switching surges ranging from 1^.8 p.u. to 3*0 p*u. on a 400~lrV 
line and a 750~kV line hr.vc been given in the previous section. 
The conductor— to— tower clearanco is determined through a ’^gap 
factor* K=1 *3. when the tower sfcructurc is above and lateral from 

the conductor. This means that the GRO for this electrode coeifl 
guratiQji or geometry is 1 .52;the GRO of a rod-plane gap of the 

same length* This is based on the work of Paris. 

Having calculated the c o iductor-to-tov/er clearance d, the 
minimuia c end ucor-to— ground plane clearance will be taken to be 
h=4 •3+^^4-d metres, Reference. 5. 

Accordingly, the following va.1u."S for cOiiduc tor-tower and 

conductor-ground clearances will bo ty* ical for the 400k7 line 
and 750— kV line 

Tabic II* Oonductor— Tower and Oonductor-G-round Gaps for 400~kY 
and 750— k7 lines 


P *.U»S .3 « 

0 ond uc tor- 
Tower Gap 

1 .8 

d = (7 

2 

2.2 

1 .667' 

f 

2.4 

metres 

2 .6 

2 .8 

3.0 

400 k7 

1 .16 

1 .38 

1 '.62 

1 .87 

2,14 

2 .42 

2.71 5 

750 k7 

3 .04 

3.63 

4.25 

4.92 

5.62 

6.36 

7.133 

Conductor- 
Ground Gap 

» I 

II 

5 -f 1 





400 k7 

5 *924 

6.232 

6.57 

6.92 

7-3 

7.69 

8.1 

750 k7 

8.56 

9 »38 

10.25 

11 .2 

12.17 

13 .2 

14 .29 


17.* PHASE-T 0-PHASE GIEARAHGE 

The phase— to— phase clearanco required frem switching— surge 
consideratiuiis are also designed on the same principles . An 
average *gap factor* for conductor-conductor GEO over a ground 
plane can be assumu^d to be 1 *8 (Scfercnce 5) which allows "rod- 



EDB-96 


pH^iiQ gap CBO values' tobc trausl^=tcd tc apply to 'the coaductor— 

0 *n 

conductor gap v/hich will be V^q= 900 d' .In this ease, we have 
to design the requinred g''’P on the basis of expected maximum phase— 
to-phaae switching-surge magnitude ♦ This will be taken to range 

from 2.5 to 3*5 p*u.-with 1 p«u* = 343 kV for the 400-kY line and 
6l2Wi- k? for the 750~kV lino. Then, the following clearances 
between phases far from the tow-cr will- be typical. 


Tcblo III : Bh? sc -to-phe.se Clearance for 400—kV and 750— k¥ 



lines 

(voltages in kV 

crest, 

d in metr 

cs) 

P.U.S ,s. 


2.7 

2,9 

3.1 

3.3 

3.5.- 

400— kY lino 

crest m7*5 

926 

995 

1063 

1132 

1200 


986 

1065 

1144, . 

1223 

1302 

1381 

d.rod-plmo 

3J 

3.5 

-3.97 

4.44 

4.93 - 

5.43 

df cond*-cond.- 

1.164 

1 .324 ’ 

1 .492 

1 .67 

1 *85 . 

2.04 

750~kY litic 
% 

1531 

1653.5 

1T76 

1898 

2021 

2143 " 


1761 

1902 

2042 

2183 

2324 

2465 

*^r-p 

8.1 5 

9.27 

10*44 

1 1. *66 

12.95 

14.28 

d 

C**<0 ‘ 

3.06 

3.48 

3.92 

4.38 

4*86 

5.36- 


Onao again, these are based on' tlqc assumptions th^t '(a) -the 
withstand .voltage is 5<r lower than, the GBO, and_(b) the standard 
deviationir= 5 f, of CBC. This, h^s serious limitations. 


From these discussions, it should be evident that design of 
iiisulaticn clearances is based on an immense amount of expLimont^ 
al investigations. The sections to folic# will discuss the need 
for aorroction factors to bo applied to the previous typo of oal- 
oula.uions before the final oho ice of insulation cloarances is mad( 


___BQfore this is carried c 
Tious air^ap clearances from 


uo, We must chock Y/hether the pro— 
c -nduc tor— to— tower aro adequate for 
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power— frc quency and lightning ycltegos^ - 

Y,* GiaARAHOBS FOR POWBR PESQUBrOY AliD LlGIiTWn'TG 

In carrying out the cheek for the rdcquacy of the above— cal— 
GLilpted clopranccs b'-^sed m positive switching-surge considers— 
tionSj several governing criteria arc postulated below: 

.1) Extreme angle cf swing of insul'^tors from verticrl will- be 

a) for Po’./cr Ercqucncy ; 60^ 

b) for Lightning Impulse; 30" 

c) for Switching Surge ; I 5 '"' 

Ihcy arc based on the assumption thf.t power -frequency exci- 
tation is emtinuous and maximum swing under severe storm is 
60 ''' • lightning strokes and insulator swing arc based on observed 
probability of simultaneous occurence 5 as also for switching ope- 
rations# Duriiig thunderstorm activity, v/ind gusts are less severe 
than in storms and the maximum angle of sv/iiig is assumed to be 
30 ^. Switchiiig surgo flashovcr, which is assumed to occur once in 
500 operations at the 3^ —level postulated crrlicr, is taken to 
occur vhiGii the maximum swing of insulator is These arc pro- 

bability events and must be ascertained on a ease— by-ease study. 
Projects cspv-,ciall-y devoted to such study arc therefore of the 
utmost importance, Reference 6# 

# * 

The practice in the OSSPl is not to allow any swing when 

considering the clearance required for sv/itching strrgcs . This is 

based on the assumption that the probability of s\7ing occur ing 

simultaneously with maximum possible switching surge is nil, 

(Rcfci'cncc 7 ) • 

2) The r'-’tio of minimum air-gap length inside tli:. toa/cr window to 
the length of -insulator string is usually 1 from switching— surge 
consideration.. , . . 

These T/ill form the bases for checking design adequacy for 
p 07/ cr— frequency and lightning vei'b-.gcs. 
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Ail example of r. 2 p.u» sr/itclii-io surge on the 750— kV line 
v.’ill be discuesed* With surge-sappreosioii resistors ia brv,rioirs , 
this IS a valid value# The procedure for other p*u. values and 
other voltrgcs are similrr# Prom previous calculations it has 
been observed (see Table II) that the required avcr.-’ge cloaranco 
to tower is 3*63 metres* With an insulator length 1 and 15° swing, 
the 'Width of toi'/cr window is 2(3 #63+11 sin l5-0) while the depth is 
(Ii+3 #63) « Dravving a circle for the windev/, there results 2 (3 #63 + 
Csiii 15.°) = Ii+3 #63 giving 1=7 #325 m (24 #7 ft)# The size of windivv is 
T *525+3 ,63=1 1 #1 55 n (36 #6 ft). The actual tov/er v/indow could be 
of Piy shape provifod it nccommod-'' tes these clearances • A length 
of 7 *52511 for 'i:he insulator v/ill accomraodate about 45 discs and 
hardv'/are ► 

Prom data available of insulator flashover .tests , for 2 p#u. 
switching surge of 1224 kJ or the 750-kY.lin8, the requir-d insu- 
la.tor -length based on dry flashover is 4 •3m (H ft) with 26 
discs# Allowing 40?^ more for wet flashover, the insulator length 
can be increased to 6 metres and 36 discs. Under dry conditions 
the ratio of insulator length to tiie minimum strike distance is 
4 *. 3/3 .63 = 1 .185 while the final value is 6/3.63 = 1 #65 # This gives 
the distance from the bottom of the top cross-arm to the lo\wer 

bTcace of fche tovv’cr wnno'w to oe 9 #63 m, while the strike distance 


to the side is still kepi at 3 #63 m at maximum swiijg of I 5 

'yp /-«4- ^ ^ . “1 . -1 4^0 _ 


With 


6m' lengtxi for insulator and 15 ° S'wing allc.^ed, the clearance from 
the reso position of insulator to the side is 3 #65+6 sin l5°=5.2m 
and -ens^ tower wad'lh will be a minimum of lo+^m. Thus, the horizo- 
ntal and vertical distances of the tower window are nearly equal 
(1 0 .4m, 9 .63m) . Conditions will be different if a double 90°-Y 
suring is employed -for the centre phase in the windov/* 

In practice, a leakage distance of 2*25 to 2.54 om/kY (o.9- 
1*0 in/kY), r*m#s. line-to-ground voltage, is used for pov^er fre- 
quency, Eeference 8. An average 5-3/4”x1o*'disc gives a leakage, 
distance of 3 I .8 cm (12.5 in) so that the 36-disc string has a 

eatoge .aist,.,oe of 1.1 ytSiir (37 .5 ft) gbri-ng 2.44 om/W'. ( 75 o/ ^ ot 
450 - 0.96 in/kY = 2.44 cm/kY) , ' i ' 
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Now, consider a swing of 60^* The CEO voltage for a rod-plane 
gap at 50 Hz is taken to be 652 crest, which gives a v/ith— 

stand voltage for the conductor-tower gap (withcr=5^, K=1 ,3, and 

^ •'^5 = (1 •3x652/1 •I 5 ) d^* . The required gap for a 

voltage of 612»4 kV crest at 50hz will then be given as_ 
d = (61 2 ♦4x.1 .1 5/1 *3x652) _ o»831ei* However, at 60*^ swing 

and 6ri length of insulator in a 5 *2111 half-window, the clearance 
is xero since 6 sii 6 0*^=5 *2 . Therefore, under the assumptions 
postulated, the tower wiido'w has to be widened to a minimum of 
5.2+0*831=6*031 metres from the rest position of insulator to the 
sides giving a horizontal width of l2.1m (39*7 ft) while retaining 
a depth of 9 •63m (31*6 ft)* This permits a maximum .swing of 23*6'^ 
of the 6— m insulator string while still retaining 3 •63m clearance 
required for switching surge condition* 

Bor lightning, allowing a .swing o± 30°, the resulting strike 
distance is 6*03-6 sin 30° = 3 •05m (I 0 ft).- The GBO under lightning 
for a rod -plane gap is taken to be ¥^^=5001*. CorrcspOiiding withstand 
voltage, with gap factor of 1 .3 and * 1 . 5 , for the 3 .03-m gap. 

is = (650x3*03/1 *15) = 1713 kV . This is 2 »£ p*u* which is consi- 
dered as adequate* Dillard and Hileman, Reference 9, find a ORO 
voltage of about 1750 kV crest ior a I 0 — foot strike distance inside 
the tiov/er window which gives a vvithstand voltage of 2 *5 p.u* based 
on 3<3^ — dbwn,-<r* = 5 % of OBO and 1 p*u* = 612*4- kV, crest* Their obser- 
vations for a 1l00-kY tower yield or =1^ for dry flashover and 
= 574d, kV. 

Allowing 30° swing of the 6 — foot insulator for switching-, 
surge condition and increasing the tov/er width will make the 
design still safer for lightning* With®^ = 1 ?^, the withstand vol- 
tage is also higher for the same gap length* Their p*u* light- 
ning surge allowed is 1 *96'p*u*. 

The above discussions raise maiiy -questions for which satisfa- 
ctory ansT/ers must be provided by eli.*v* laboratories and investi- 
gators under Indian conditions, since the exircmely lg®gp' number 
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of variables involved are local to the line environment* This 
strengthens the nec-d to treat e ■’Ch line design on its own nerits • 

YI* YAEIATIOI'T OF CEITICll EHOSIT TIMS, CEO AM) GEAIISIIT WITH 

GAP ISITGTH EOS S0D~PIAI3 GAP 

It has been mentioned in the introduction that the v/avefnont 
time at which the ■ miiiimum CEO under positive switching— surge occurs 
will vai^, with the gap length for all electrode geometries. Eor 
rod“^lane gaps, from best "available data from all over tho vyorld 
uptQ25 mgaps, Scference 10, this author has formulated the folloT;- 
wiiig relations for the salient properties of CEO: 


Tlme-to-orest at Minimum CEO: 

t^Q = 43*65 4 *^ ^ ^ (with d in metres). It applies for 

gaps from 3 to I 5 metres, the best fit occuring between 4 and 13 m*. 
This range ’in gap lergth covers the requirements for switching 
surge ms@jitudes considered in Section II for a 400 .kV line between 
2.4 to .3 -p.u*, and for 75'0 kV lino bety/een 1 .8 to 3*0 p.u. over- 
voltages . 


b) Minimum CEO: . 

Y^Om = ( 355^1 5d)d, kY crest. 

c) Average Gradient at Minimum CEO ; 

®50m~^5Qm'^^ “ 355-151, kY/m, crest, It might be 
interest to compare these values vyith Paris’s formula 


^ jf in 

(355-1 5d)d .kY 
500d°*l s-Y 


4 6 

1180 I59O 
114-9 1465 


8 _ I 0 

1880 “'-2050 
1741 1990 

ft 


of some 

: Y5Q=:500d°*^. 

12 . 

21 00 

2221 


The discrepency is belisrved to be due to the fact that Paris 
used the same wave-fron time for the positive switching surge for 

all gap lengths upto 8m which had the timings 120/4000 us. When 
ooMuctl^ suoh tests It is evident thet a switohing s^e. genera, 
tor capable of delivering a variable waveshape must be available 
m an e.h.v. laboratory. The gap length determined on the basis 
^5:0 ^ ^ 1^® slightly longer*. 
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VII VARIATIOF OP STALIBASD DEVIATIOI’TMB WIIHSIAim VOL SAGS 

In previous sections y the etandf’r(? deviation in fleshover 
voltage WPS uniformly assumed to hQ0^5f° of ClO^fcr all gap lengths, 

voltage waveshapes (povmr frequency, :|fLghtiiing , and positive swit- 
ching^ surge) , and all gop gcemctries (rod-plonCj conductor-to-tower , 
and ccjiductcr— conductor ) • Experiments performed all over the v/orld 
show this to be not the. case » The results are so erratic about this 
quantity that is is impossible to take a single value for<r" , as 
concluded by Y/atanabc, R£f:,renc6 11. The proposed Sv/edish 800 kY 
system was designed on the basis of‘5" =3fo and using Paris’s formulas, 
Reference 5* In view of lack of agreement on this topic, "the IBEB 
h.£S reconmiended a value of ^=5%, Reference 10. The British 
O.olumbia Power Authority in Cananda has tested 500-kV tower insu- 
lation and founder =6 to B *&/o of OPO in wot tests nid 5% under dry 
tests for the tower— v/indow grip, Reference 8« Recent tests c-endu— 
cted on l200~kV tov/or insulativ^n by join US— USSR efforts have 
yielded values betv/een 3.5?^ and 7 •5%. of OPO, Reference 12. 

The second assumpti-''!! made earlier was that the v/ithstand voltage 
is 3.cr' lower than critical or 50^ probabilitjr of flashover 

voltage. ‘ "This figure .has beep; taco opted nearly all over the world, 
’With some exceptions wrho prv':fGr.2^ lower than gi'ving a larger 

probability -Of flashover since the gap length based on (V^Q-2<r ) is 
no\‘/ smaller • 

VIII . MEPYORIt TBAHSIBUT STUDIES 

The second item tc be ascertained v/ith confidience is the 
expected maximum switching -surge magnitude for a given system on a 
probability basis. So much has b^en done on this topic and is 
still being carried out that it is impossible to give the expected 
values for phase -to -neutral and phase-to-phase sv/itching surges on 
a universal basis. This is a caso-by-case study. 

Appe,ndix I gives a summary of a typical TM study carrl..d out 
on a 500 lqV/2,30 kV system as reported in. Reference 13* This indi- 
cates, exhaustive studies as the need for design. Appendix I docs 
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not giv 3 the expected phpse-t6~phase ycltagos. Hiis may reach a . 
maxhnum of 3.34 P^u. in studies reported by Wilson in Reference U. 
Several studies conducted under the author’s guidance on TRA’s have 
been renorted to the C.B.I.?. and elsewhere, Ref erences _1 5“'! 7 . 


Evaluation of phase -to-phase switching-surgo magnitudes is 
gaining increasing importance in view of the fact that for volt~ 
ages of 500 kV and higher, the rope and chainette concepts in line 
construction are being considered where phase conductors are supp- 
orted b;^ insulator strings from- .each other while the tower struct- 
ures are removed to the sides, References 18,19« 


K. GORCIUSIOIS-. 

1*1; systoEiatic method for synthesi25ing all available formulas for 
estimating air-g^p clearances of e*h*v« lines is presented, and 
their limitations discussed* 

2* Conductor-to-toY^er , conductor— to-ground, and conductor-to~con— 
ductor clearance for a 400-kV 75i)-^7_line are worked out 

according to Earis’s formulas and compared with others where 
necessary* 

3* Equations .derived -by the author for (a) variation of critical 
v/'ave-front time at minimum 50^ flashover voltage, (b) the mini- 
mum value of 50f^ or critical .flashover voltage, and (c) the 
average voltage gradient at the minimum GEO with gap length for 
a rod-plane gap are given, and they are compared with the v/ork 
of others for CIO using constant Y/ave— front time for all gap 
lengths » 

4» The paper discusses the need _ for carrying out insulation tests 
on towers on a case— by-case basis in order to determine the 
values of all controlling parameters required to determine even 
a- prelrnninary design which can be tested in an e.h*v* labora- 
tory for design adequacy and for evolving the final design. 
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5* Clearances designed on , the basis of sv/itching —surge req.uireinent‘a 
are checked for adetiuacy under povver— f recxucncy and lightning 
ToltageSj and in one example of a 750—kV line it is shown that . 
insulation clearance at tovj^er designed entirely for switching 
surge may not be adequate for other typos of voltages. 

6» Atmospheric correction factors are not dealt with in the paper *- 
X. BBIEBBNCBS AID BI31I0GEAPHI 
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S¥Il?QHIiTO SUR&B GiLLOBLATIOIT QU LIMBS 

Insulation design of e.h*v. lines is based primarily on 
clearances required to wit list and switching -surge o'^^ervoltages 
caused when a sinusoidal source with practically infinite short- 
circuit capability is switched to energize a line. Conditions 
are very severe during re-energization when trapped charge from 
a previous, de-energizat ion operation is held by the line capaci- 
tance . 

Before .analyzing the transmission network by mathematical 
models (usu^ly using the digital computer) it may be informative 
tn -jB ng in eers to provide an idea of the per unit values of over- 
yoltages caused by switching operations. The most severs over- 
voltage 'con-dlt ions occur when re-energizing open-ended transmi- 
ssion lines., but an analysis of most types of terminal conditions 
of a system must be carried out for possible resonance conditions* 
Table I is a summary of Switching~«urge voltages reported on a 500 
kV/230k:V system with an autotransformer, with or without tertiary 
windings. These values were obtained by the authors of that paper 
on ono particular system do not apply universally. Sach 
system must, be studied on a casc-by-case basis. 

The analysis in this chapter begins with single-phaso circ- 
uits and then will indicate tb-.- procedure for extending to 3“'phase 
circuits .Even for l-pha,se analysis, it is simplest to commence 
with a lumped-parameter cirduit and then observe the changes nece- 
ssary to deal with a, distributed-parametor tr.sn amiss ion line. An 
actual system will consist of combinations' of lumped parameters 
(such, as generator series inductance, transformer leakage induc- 
tance, shunt reactors, etc) and distributed-parameter lines. This 
is the chief difficulty in analyzing switching surge problems* 

At the outset it is made clear that there exist a very large 
number of methods for analysis. The more important ones are given 
here which are (a) the method of Laplace Transforms; (b) the me- 
thod of Fourier Transforms*. The. former leads to ( i) travelling-wave 
method, and ( ii) stand ing-wavo method. 
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It is emphasized at the outset that the interested reader 
should derive aill eq,uations on his/her own. 


Slh'G-LB-PHABB 01100 ITS MB .UIM 


I • -inglft-Breqaeacy Luaioed-Paramet j ^_Circuit 


Ideas involved in analysing and understanding uhe hehaviour 
of voltage at fche open end of a long line with distributfd para- 
meters when switched hy a step or sinusoidal voltage input can 
h© very easily illustrated hy considering a series H— L— C circuit 
with lumped parametei^. The circuit is shown in Figure 1. 


¥e assume that the capacitor 

• : U;; u , i: 

is initially charged to a voltage 
Y and no current exists in the 
circuit prior to closing the switch 
S . The problem is to determine the 
current and the voltage Y^ across tho 
t ime t • 



capacitor as functions of 


The Laolace Transforms of the quantities are : 

B ' 

Source voltage ; B(S) = B/S for step,-^ — ^ (S cos - w Sin (^) 
for aq-- input of o(t)=Bjjj cos (wt + 0) . 

The angle ^ denotes the point on the wave at the instant of 
switching from the peak value of the sinusoidal wave of frequ.-'ucy 
f = w/27i. 


Resistance voltage : 
Xadact-ance voltage : 

Ca-p-aoltor voltage ; 


R I(s), I(s) = Laplace Traosform of current. 

A T 

®L ~ ^ dt* * with no initial 

current . 

®c = 0 I ^ S^(s)= 4i- • 


Tho general equatiox: for the current and volt.ago Y^ will 
with a = R/2L and w^ = l/LQ-a^ or ct^ + w^ = 1/LC, 


DC 


I(s) 


sB(s)-Y 


0 


JL 


sE(s)-V, 


tt2, £ _ j. J 

® ® +10 


I[{3+<t)2+w2^ 
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aad V_(s) 

C 


_ 1 
cs 


I(s) 



s B(3)--7 q , 

LC s[s+a^)+w^3 



(a) Stop Response ; Bho inve rse tr ansform with 3(s)=B/S gives 


V^(t) =(E-V^) [i+e' 


-at 




2 2 " 


OC l-w 




sin (w^t - 9 q)] + T; 


o 


where tan <Pq = 

This expression applies when R < 2 '/l/C, giving an oscillatory 
condition. As a check we observe that at t = 0, the expression 
reduces to and a,t t = co , it is B, the step input. 

Por the very important and worst case, when = -E, 

fi ” ’ ” - • , 

■?.(t) = 2B — ^ sin (w„t - ro ) + B. 

- “ ' . . ° ° 

Por very lightly ~ damped c.ircuit , a « w^ and 9.0° t ... 

■) ^ 

• * * ® [1 "■ 2 cos w t] . 

This reaches a maxinTum of nearly 3® when w^t = 180*^, i.c. 
ono half -cycle later based on the no.tur>al .frequency f^^ = w^/2tc* 

¥hen the trapped charge is zero, i.e. V^=0, the maximum is 2E. 

Therefore it should be evident that the capacitor, must ho, 

< t.- ' ^ ' 

designed with an insulation level of 3 p*u. in order to take care 
of its initisO- voltage being equal and opposite to the input step. 
This is a case which paiMllsls the voltage at the .open end of 
a lino when switched by a sinusoidal source at its peak value 
while the line holds a trapped voltage. 

In switching transniiss ion linos, the v.oltago is high when- 
series resist'ance is not used in the circuit beaker. ' A resistance- 
switching scheme brings the voltage to not more than 2 p.u. Thus, 
it is important to note the effect of varying E on the capacitor- 
voltage 'in this simple circuit also, normally, in transmission 
linos, the value of, res istance used is a little over t‘-Eu surgo- 

impedancG of the line, i.e. Ris^'\fL/G^ In this circuit, lot 
R = 2 which is the or. it i^l -damping case giving w^ = 0. for 
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the stop input, V^(s) = S(s + a ) 2 


and the inverse transform is V^(t) = (B-'VQ)[1-e “ (l+at)] + , 

j'or the case when Y^ = ~ $*"22 e 1+ott) • By differenti- 

ating with respect to t, the maximum occurs when t = 0. Thorofore 
the capacitor voltage will not exceed the initial voltage* At 
t = 03 , its voltage is equal to the step* 


(h) Si nusoidal Bxcitation j 
Tho responses are 
Current 

cos (wt + 9 + 'f P 


G(t) = cop (wt + 9) 


I(t) = 


+ (wi - 


— ? Q-at^ sin'w t 
0 


m 


-at 


2^2 


w. 




[-^(w^- j^) sin9+2aw cos9| w^^w cos w^t 


21' 


+ + w‘^) sin 9 ] sin w^t}. 


* R 2 i 2 
where a = w^ =“LC *" “ * ^ 


i- 

w© 


wL 


1" 


R 


The capacitor voltage is, with tan 9^ = w^/a, 

"Sjj^ cos (wt + 9 + Y^ 

COS 


V„(t) 


w + (wL 


WO 


.)2 ■*■ vyYTo 


( V - fo’ 


■ cos 9« e 


-at 


+ (r-fi - h 


10“^ V - a <"^+ 1 : 0 ^ 


sin 


sin 9. e 


-at 


“22 2 Lf;- * ^2 

L 


'ic * Ir2> ■ "o* ■ 


26' 


sin w^t] 

lO 
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II • Single —Bhase Line Bnergized by Source : 0‘pen--eiided 

1 ) Ho . trapped charge, no series impedance 

Let X = o at the open ond and ^ 

x=L at the source end for the line j ']{.?) 

of length L. Then it is cl'^ar that at 
x=o, the current iB zero, and at 2 := 1 j, 
the voltage is S(s) . — 

The differential equations for the 
1 ine are : 

d7(x,s)/dx = z(s). I(x,s), and 

d I(x,s)/dx = y(s) = y.(s)* V(x,s), where z(s) = r + Is and y(s)=cp, 
which are'tcalled the impedaiice and admittance operators per unit 
length. The quantities r,l,c are the series resistance, induct- . 
anc.e , and shunt capacitance of the line to ground per unit length. 
We have omitted the shunt conductance g per, unit length, hut in 
a general analysis, this also can he included when tho effect of 
corona losses have to he taken into account. Let p = z(s).y(s). 

. The voltage and current aro functions of both x and s, the 
Lrtransform operator. Por ease in writing, we will omit x and s in 
tho brackets. 

Tho gc-aeral solutions can he assumed to he V = A e^^+B e~^^, 
and I = (p/z) (A e^^ - B . The quantity (z/p) = y z“/j = 

which is the surge-impedance of the line, p is tho poropagation 
constant per unit length. ' They are both in operational form. 

The quantities A arid B are no‘t functions of x hut possible func- 
tions of, s. , 

By using the boundary conditions, we obtain 

7(x,s) = B(s). cosh px/cosh pL 
and I(x,s) = B(s). sinh px/Z^^. cosh pL. 

In part icuiar, "at the op"en end, = B(s)/cosh pL * 
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( a) Tr?.velliiag-¥,a'gs Solution 


A tra-^ellijcig-wa-ve is described throu 
gatioa aad an attenuation factor* These 
The propagation factor can be written as 


gh a velocity of propa-. 
are obtained as follows; 


I 


p^ = (r+ls) cs = lc(e^+( r/l) s) 


la[s-i-r/2l) ^-1*2/41^] 


If resistance is very low, we can write this approxitiiaboly 
as p^.£S (s + a) = s /V + a , where v = velocity of propagation 
and a = attenuation factor per unit length. Note that a = r/21'v = 

where the surge impedance is = Iv = l/ev = '{TJcm These^ 
expressions are valid, only, if the resistance is negligible and 
for low attenuelion. 

. I 

‘ i'Tow, = B(f)/cosh pL = 2B(s)/(eP^ + e 
This can be written in a series expansion forn\ 


•Yq(s) = 2 l(s) [e“P^ - + to infinity- 

= 2 S(s) [e“^. e^^/^ - + ]. 

let e”^ be denoted as A^ = attenuation of voltage or current 
when travelling ovor one llae length 1, and 1/v = T, the time 
taken to tr'evol over one lino length. Then, 

Y^(s) = 2 B(s) [A^. - A^. + A^. - etc] 

s lijL 

The invorsG transform of F(s). o has the same shape as the 
inverse transform of P{s) but its appearance at any point is dol.^y- 
ed in time by (kT) . 


( i) Step Response 

let us consider the conditions at tho open end of line when 
the input is a step of height 3. Then, the -following scquonco of 
events will take place. ' ' • 

At t=T, the step arrives at the epon end with an amplitude 
after having travelled over a distance 1. Ifc is accompanied 
by a current wave. At the open end, the current will bo zero so 

4» !««».■ X.1- J . ..-t n <1 1 ..... ... . 
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a back-warci— tra-^elling wavo fTOm tlae open end to the source. The 

voltage reflects positively and the open-end voltage doubles to 

2 Aj^l which is the inverse transform of the first term in ’^'’q(s) * 

The reflected voltage wave, A-E, arrives- at fehr source after a 

2 ° 

time T with, an amplitude E, and since the source voltage is 
constant}, this will be tot ally reflected back irito the line 
negatively. At t = 5T, this volba^o (- 4 , B) arrives at the open 

■jZ! " 

end with an', amplitude i’-A^ B) which doubl''s and rc*flects ba.ck. 

The voltage at the open end at t = 3’T is then 2 B(Aq— Aq)=2EAq^(1— Aq) • 
. The ref 1 act ions and voltage doubling keep on repeating 
indefinitely until reduced to negligible value for tbe n-th 
reflect ion to Ignore further values. 


The sequence of events can be kept track on a lattice diagram 
called the Bewley . Latt ice Diagram, and the-time variation can be 
plotted easily. Thoa is shown in Figure ■3. 



Several important properties may be note,d from these events . 


1) The highest "voltage for which line insulation at tho open end 
must be designed is 2A^B when trapped charge is., absent. In 

t ransm.ission lines, the value of A^ is about 0.9 depending 

upon line and ground resistance and line length . 2B. 

2) ¥hen trapped charge is present, '3B. r In .practice the 

maximum value is a.bout 2.8B. Fe.may note that this value was 
obtained fo,?; the lumped-paramotor s ingle -fro quency R-L-G series 
circuit also. 
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3) The per iodic -time of the voltege wave is 4'I» It therefore 
apt) ears that the phono me aou is taking place as if it has tho 
frequency f = 1/4T = v/4Ii. liiis has groat importance when 
calculating the-line parameters with ground return. The ground- 
return rcsiotanco and iiiauctanco are f roquoncy—dope-nd'.-nt so 
that th- frequency to he used for evaluating thoai depends on 
the length of line being switched. The following froquoncics 
for line lengths from 100 Kin to 800 Kin apply, based oxi lilghlfc 
velocity. 

I = 100 200 300 400 600 800, Km 

f = 7 5 0 375 250 1 87 . 5 1 25 9 4, Hz. 

When ground-return iiiductance is noglocted, this is valid. But 
usably the velocity is 83% light velocity in practice. 

4) Tho time during which the maximum voltage will be present is 2T. 
Bor a 300-Kjn line, this is 2 ms or 2000 ps . The wave front is 
very steep, practically vertical, for a stop# ¥c can now appre- 
ciate that a switching -surge waveform of 250 ps/2500 ps is very 
nearly approached during these op“rations although the actueil 
waveform will depend on many factors. 

5) is a mathematical exercise, the final value of open-ond voltage 
will bo 

Yjoo) = ) = 2B A^d+A^ ). 

and not B. Bhis is b-cause of the approximat ion made in tho value 
of p . 

■?or Ag = 0.9, ) = (1.8/1.81) B = 99^5% B. 

Bor = 0.8, 7^(00) = ( 1.6/1 . 64 ) E = 91 •5% B. 

ii) .g_in& Wave RosneaRe 

The principli=s given for tho step response can he easily 
extended when the so.urce is siriusoidal aid is switched on to the 
open-ended line. Bor prelim, inary discussion, coasiUor the source 
voltage to be switched-on t.o the line xfhoa it h.as a peak value. 
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Its eqaatioa is e(t) = cos wt. If it is switched at any other 
point on the wave, we wHl have to take e(t) = cos ( wt + 9) 
where 9 = the angle after bhe peak^at -the- inetanb of switchitig. 

For now, let 9=0. The sequence of events will now he as follows: 

1) At t=T, the voltage roachiag the open end is B^( cos w*=o) • A» 

2) This doubles up giving = 2 A B^^Ccos wyo) . 

3) The reflected wave is" A o which will reach the source whose 
internal impedance is taken to be zero, O^horef ore, the reflected 
wave is -A B • This will roach th: open end at t = 3T with 

T? ill ^ ^ 

value - A^ B • In addition, the source will send the volfcage 
(wx 2T) which has the value at the- open end of A B^^^ cos 

( wx2T) . 

4) Following the procedure, -it is then easy to write the sequence 
of voltages received at the open end at various times. 

= 2A 

t 2T ; Y2 =* 2A Bjjj cos wT 

t = 3T : = 2A \ cos (wx2T) - A^. Y^ 

t = 4T ; Y^ = 2A Bj^j cos (wx3T) - A^ Y^ 

t = 5T :--^.Y^ = 2A cos (t'J-x4T) - A^ Y^ 


' ' P 

t = NT : Y- = 2A cos w>;(H“l)T - A 'V’u_2' 



The figure shows the resulting open-end voltage for a 4OO kY 
lino of 1=300 Em with the following lino parameters : 

^including ground return, = 1*5*1 

=i|^i^^aL=LR/22Q, A = z, ^ 

' If the point -on-the wave switching is to bo Included, we 
would only add 9 in the cosine term. 
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( "b) Standiiig-wav;^ Solatioa 

Th:. Laplacc-Irarisf orm of ^pen-^nd voltage is 

V^C'") = S(s)/cosh pi 'fith = .(r + Is) cs, when g = 0 . 

In the travGll ing-wavc- method, an attempt was made to separate- p 
into an attonuatioa term and a time-shift ternr. In th-^ method of 
standing wav'-s, the inverse transform is ' evaluated directly hy fcho 
method of residues. This yields an infinite number of frequvney 
terms just as the t ra veil ing -wave method gave an inf in its. numhrr 
of reflection terms. 

{ i) Step Input ; Por this c-ase, 

Y (s) = -L 

s cosh pi 

The first step is to find the location of the poles at which tho 
denominator becomes zero. It is easy to sne that a simple pole 
exists at s = 0 . The residue at this poles is 


s=o 

The second term in the denominator is cosh pi which will become 

zero whenever pi = +j(n+ 1)|: , with n=o, 1 , 2 , co . Thus, wo have 

an infinite number of poles. In such a case, the rosiduo is eva- 
lut^tod by the equation 


pL =+j(n+l)| 
Now, when pi = t3(2n+l)| , = -(2n+i)^ n^/4 

or I^ (is-ls) cs = -(2n+l)^ tc^/4 . 

This is a quadratic equation in s and the values of s 

f rom 

I%.C + i^ 3»Q g ( 2 n+l )2 71/4 = 0 


V^(n) = 


B 




dfeosh pl)y'ds' 


B 


Dosn 




cs 


s=o 


:B , the 
step 


Vg(o) = 7^(s) . S. G®* 


are found 
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which yields s = -a+j w^ where a = r/21-and w^ = ( ^T[2/4I.^lc-a^. 


The 'berm a is the attenuai ica factor aiici w^^ is tho natural ra-cian 
frequency. The-f irst natural frequency is with n=o, (v=1/VTc), 


1 


w_/ 2 ^ = — 

411 f To 


. 2.2 


1 = 


41 


when a is neglji^ihlo, 

'Ihis can he seen to corrospon-d tc the travelling wave ca,sc. 
The residues at each pole can ho -(--valuatcd nnw. 


ilo w, 


d 

dS 


•osh pi =(siah pL) . L. 


dn 


ds 

(a) with pi = j(2n+l)f, sj^ pi = j sin (2n+l)§= 


(h) 1 


ds 


21 cs + TO _ 1_ 21c ( — a-r •<•^0 

r+ls) cs ^ ' j(2n+r)-^ 


But 21c a = rc. 


oosh pi 


= 3(-1) 


n 


j 1 w„ Ic 


n 


pl= 3 ( 2n+1) 


71 


j( 2n+1) Tc 


= i( - 1 ) 


n ^ ^n^° 
( 2n+ 1 ) 71 


This gives the residue at any polo s=~a+jw^ to he 


V^(n+ ) = — - ® - 


st 


^ds” 


(~1) B 0 . G ' (2n+l)7t 

j( -a-r jWj^) . 1^ Wj^ Ic 


s=--a+jw^ 


= -(- 1 ) 


n 


B 2a-H) 71 

21^ Ic w. 


n 


• jw t 

e 


Similarly, at s = -a-jw^, which is tho eomplox conougato of s=~a+jw^, 
the residue will he equal to the complex conjug.ate of the residue 

)• 
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Then, Vo(t) +n^)'T cos (-wt+c^- 


+ ®in ^ Z '' " w^(p -2a2)oos ir^.t 

+w.sincp.(p 2 cos - 

2a sin Wj^t) ] 


It consists of a steady -stste response torai, and transient rL-.sponse 
terms which decay with the time constant x = 1 /a = 21/r. 


Ill FQURIBR-IRAITSFORM METHOD 

This method applied to propagation of lightning and switching 
surg© response of distributed-parameter lines when in comb ina.t ion 
with lumped param^tc-r circuit elements is of recent origin. Iho 
lumped parameters are series impedance of sourco, shunt reactors, 
scries resistances used in circuit breakers, loads, substation 
transf orm<^rs etc. 

¥g will illustrate the method for obtain iiig the voltage at 
the open end of a line. This was darired as F^Cs) = l(s)/cosh pL, 
where p is a function of the distributed line parameters r,l,g,c. 

In the Fourier-Transform Method we write S=a+jw. Then, 

( s-i* jw) = B( a+ jw) ./cosh 1^ 3w) v i g+c ( ar 3 w)J 

1) Ste-p Rosn^nsc s Here, E{a+J'^) = 3/s = E/(a+3w). cosh pL can be 
expanded and written as M+jN. Then, 7^=S/ S (a+jw) (M+ 3 M)| = 1/- 

|( aM-wR) + j( aR+wM) j . This is soporatod into its re?il port p and 
j-part, Q. P = F (aM-xfR)/D, Q=--B( aR+wM) /D, where D=( aBl-wM) ^+( ai'i+wM) 


Finally, the time response is calculated from. 
Fourier Transform using either P or Q: 

Vo(t) = r“’[v^(«+jw)] = -2-1^ j C (p. 023 Mt) 

” /(-«•' sin wt 


the 



Inverse 


. dw, 


where is call "d the 'sigma factor’ which helps in the conver- 
genco of the integral. The integral is evaluated numerically 
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accordiiig tc th? following proc'clurc. 

a) The Units for ixitegratioa aro chang'^d to Wj^ ana w^, 
of 0 arid oo . 


instead 


b) file signa factor is written as = sin { aw/w^) /{ w/w^) . 


c) A trapezoidal rale can be used by evaluating the ordino-toa at 
w and (w+i^b.w) by selecting a suitable increincat A w in frequency. 
•Bhsu th.'- integral can be written as the sud, with n=( w^— Wj|^) / a.w, 
£i“fe yv-' 

Yo{t)= ~ — ^ [P(w^). cos w^t.iTCwj^) ~ 
k=1 

cr'(w^_p]. (w^~w^)/n 


whar’C w- 


k~l 


w^ at k=1 


d) The integration or summa.tion depends on tho value of the expo- 
nent This imposes very serious r>’'>st rict ions and a very largo 
number of trials must be made before the final choice for tho 
value of a is decided upon. One rule is to commence with the ; 
value(a 'I^)= 4, whsro is th-- final value of time upto which 
calculations are of interest. For example, if = 20 ms (1 -cycle 

time on 50 Hz basis) a = 4/20x10 ^ = 200. In some cases, 

the calculation nay proceed in stages and a different value of 
a may be selected. For exa pic, if is to bo 40 ms, a valuo 
of 200 during tho first 20 ms of the calculation m.^ay bo used 
and then a value of 100 for tho next 20 ms. 


The integral also depends on the final value of w. Again, the 
choice is based on trial and error. One rule is that should 
be greater than the reciprocal of ' the fastest rise time of the 


voltage involved in the problem. The step is the worst vol, tags’ 
for this method and any value of w^ that yields tho proper res- 


ponse for a simple problem will give adequate results for all 
other typ--s of excitation.' 


The values of M worked out to be as follows : 

^ ~ ^=[2 ^ where J=L^^ ( r+la) (g+ca) • 

t 


Ic w2j , and £=^2 j (r+la) cw + (g+Ga)lw] 
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2) Sine¥ave Excitation 

Bor this case, e(t) = cos (w^t + 9 ), -whei-e W^=314 for f=50 

and (p=aaglo on the- wave at the instant of swit ching ' f rom the posi- 
tive peak, fhen, wit:h s = a+jw, and B(s)=B [cos 9.3 ” 9 ^ / 

(sH') . 

L OO.? 

( a+jw) +v 4 ^^M+ jN) ] 

This cn,a ho split into the real part, P, and j -part, Q, and the 
previous proeenure followed for evaluating the inverse Pouri-r 
Transform giving . 

An example of switchjng a 400-kY litiO fa^m Debar Power Station 
to the- Pahxpat, Rpc'eivlng Station of tho tiorthern Regional Slc'ctri- 
city Board is givon in the- figuro for sinusoidal excitation when 9 = 0 . 


Pliease see the next page <> 


Another example- is work'''Cl out when the far end of the lino is 
terminated in a larg*- transforaer or a receiving station which can 
he replaced by a cemhination of capacit-^nce and a parallel branch 
consisting of an inductance and resistance* 

IV TE RSE -PHASB S IS TBMS 

The above m.>-thods considered only a s ingle —pha.vse system* 

The- extension to can be carried out by first splitting 

the mutually -interacting systems into 3 mutually-indspendGnt 
systems by diagonal is at ion procodur-rs outlined'*!:! a previous cha- 
pter hy us ing the trazisformat ion matrix [T], and its invrrvse [T] . 

Tho writing is very lengthy and is not givon here* 
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IN3ULi3g]]Bal CHARACTERISSIGS OF LOi^'G AIR Q-APS 

1 • TypGS of Electrode geometries Used- iii 3HV^Lj.nes 

In e.h.v. transiriiss ion systems, all external insulation is 
air (and in recent years SPg) . Air gaps have reached lengths upto 
20 Eietres and will continue to increase. In this chapter we will 
consider the insulation prop art i‘='S of only long air gaps. 

The hreakdon and xfithstand voltages of airgaps is controlled 

by the geometry of electrodes which have to he insulated hy the 
gap. The electric field distribution in all cases is non-uniform. 
The figure shows some electrodes. 

2. Types of Voltages in EHV Linos 

■«b 

The above gaps are subjected to sev^-rsl. types of voltage wave- 
shapes. The breakdown and withstand voltages have to be ascertained 
for all these waveshapes. They are: (a) Power Preq.U 9 .ncy AC; (b) 

DC (+ c.nd -) ; (c) Lightning impulses ( + ,-); ( d) Switching Surges 
( + , -)* 

In both indoor and outdoor h.v. labs, experiments at great 
expense have been and are being conducted, and along with these, 
theoretical models for breakdown are also being evolved. Once 
these m^'chanisms ar'"'- theoretically understood, it will reduce the 
expense involved in sotting up large-scale e-xporiments , as well as 
help in proper design of exp'^r iro'nts end interpretation of the 
results. 

3* Breakdown Character is tics 


The following empirical relatinns between the 50fo flashovcr 
voltage value a,nd the gap length arc nearly valid for design pur- 
poses. They a,re based mostly on the work of Paris of Italy, L<=roy 
and Gallet of E. de P., Watanabe and Udo of Japan, and Pescr of 
Switzerland (now in ¥• G-ormany) . 

O O o 



6 6 u u 
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Positive Polarity CFO 
aod-^lane; T, ig;litnlng_ 


(d.in lor-tres, voltage 

TmmalsG : 1 ♦25/50^3 "■ 
1/50 
1 .2/50 


ia 



kY crest) . 

= 550 d, 
667 d 
540 d 


D.G. 

Power Fr-'qgg a^ 

Sw itching S araos_ 

120 /4000iiS 


'^50 

> 

^50 


500 d 
= 652 d 


0.576 


^50 ^ 455 d + 25 


^50 

^50 

^50 


^ ^ ^ 0.552 

535.5 d 
(5 < d < 9) 


= 500 d' 


, 0.6 


1 00 ( d+?— 2 . 5 ) 




^ -i-n oT-nloin these oqaations which 

Many attempts have- hf en mad^ to ^ p . 

-,+ 01 r.-'-sults. The theoretical models 

ar.5 based sntlroly on o^erinentsa r.ouits. a sorlous 

bavo boon bas«d on vastly dlfforont basic assumptions, -nld d^rio s 

worker still has the opportunity to oonsolidats 

ptions and put together bettor mmols. Briefly, m 

nism of breakdown appears to be; 

( i) Before breakdown Is reaches, there is an intense corona onvolcpo 
formed on the highly-stressed electrode . This is particularly 
iiatcnsG on the positive rod. This sphericpd corona envelope is 
assumed to h^vc a diamc-tc r ranging from 20 cm to 1 motro . 


(ii)The corona gives rise to leader channels of about 1-3 nim in 
diameter such that the radial electric field is 20 kY/cm wi« 
a charge of about 0.5 to 1 pc /cm. These leadirs fork out in 
all directions, but the one that eventually causes sparkover 
propagates along the axis of the gap. It* is preceded by a 
leader-corona at its tip. The axial electric field irv the 
leader column is about 5 kY/cm. 
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( iii) ^iHaen the leader— corons h^s reached a length of 4»5 to 5 iR 
in a 7 m-gap, or about 65-705'o length, the influence of the 
leader on the pi, one cathode is so intense that th-re is a 
jump-phase where the acceleration of th-’ leader is high 
enough to hridgo the gap and sparko'ver occurs. In a rod- 
rod gap, a negative loader prop.agatcs from the negative iroa 
also to m-sot the positivo-lcader. 

The following theoretical equations ar'^ available bast'-'d on 
various a-ssuroptions for positive switching surges. 

I • leiake Model ( d < 1 0m) 

= 450 [1 + 1.33 In (d-Ln d) ] , kV. 

II. Waters' Model 

Vg = ( 1 .5 X 10^ + 3.2 X 10^ d)°’^ - 350, kV 

III. Alexand rov 's Model (r=0.9ni) 

Vg = 1260 r (1 - r/d)^*^, taiih”^ /l - r/d , k7. 

All the three' models yield nearly the same value for Y for d 

o 

upto 10m, while II and III agree upto 20' m. It is therefore sur- 
prising how widcly-dift erf^nt assumptions can lead to close results. 
They also come close to cxpori^'i'.-nt al formulas quot'd earlier. 

4-'* Eositive Switching-Surge Flashovor ; Saturation Problomi 

The positive switching surge flashover and withstand voltage 
characteristics of long gaps are the most important and interest- 
ing because an air gap is weakest for this type of voltage wave- 
shape. The s.s. magnitude determni^s by and largo the gap lengvh 
required in tower windows, insulator lengths, phase-to-phasc 
clearance and conductor-to -ground clearance. The probl^-m is comp- 
licated since the GEO voltage depones upon. 

(a) the wavefront time of the switching surge, and 

(b) the presence of insulators in the tower winaow. 
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Therefore, no two laboretcries agree on the CEO value of a 
given gap length. Broff a very large- nuniD-r cl exp’. ririi-^^ntcil rt.-sults 
availebls, some important obssrvat ions ai'e worth noting. Those 
arc as follows; 


1 . The CFO voltage of tower window with insulator strings inside 
varies with the switching-surge wavefront time. 

2. The CFO V'^ltagc eJso varies with tho percentage of space filled 
hy the porcelain with higher permittivity than air. 

3 . The CFO voltage depends on the ratio of length of the shertest 
distance in air between conductor and tow^r ta the length of the 
prccelain insulator. 1 ratio of 0.85 to 1 is usually used. 

4. The first tower-window insulation strength was established by 
J.¥. Kalb of the Ohio Brass Co, of U.S.A* under switching surges. 
According to his experimental findings for a 525~kV tower with 
24 discs iii the iiisulator string, minimum CFO oocurcci at a v/avc- 
front time of 250 ps. 

5. Subsequent results obtained from all over tho world at many 
voltage levels have yielded the wavefront time for minimum CFO 
raiiging from 55 to 300 ps . 




I 


6. Since Kalb’s exporimon'ts , the standard waveshopo for switching 
surge has b ■'cn sicccptcd as 250/2500 ps for lixic equipment tostiiig. 

7» This does not nGcossarily mt~an that insulation structurc-s t st-'d 
using the standard Yjpvoshape will yield the worst s.s. stroxigth. 
Bach airgap clearance* has to be tested individufilly with varying 
front- •times to ascertain miiiimum CFO. 

8. The widths of tower structures used in e-xprr'iments have a consi- 
dorablo effect on th? CFO voltogs, as -well as tho length of con- 
ductor used on either side of a tower mock-up in an o.h.v. 
laboratory. This is because pre-breakdown phenomena dopoad on 
the presence of metallic pe.rts n-'-ar thr conductor. 

9 . Tho CFO does not iacrcavse linearly with the gap length. A satu- 
ration phenomenon takes place [CFO varies as 3400/( 1+8/d) ] . 
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10. If this is true, then evsn if i is iiicre-’sci t:) hifiaity, the 
aiaximum volta^r the gap cati support is 3400 kY err-st. 

1 1 . This iropliss that wifeh a 1.5 p.u. switching surg", the crest 

value of power-f r-'quency voltage is ahnut 2250 k? giving a litio- 
to-liiie voltage of 2250 ]"j>/'(2 = 2800 kV. With a factor of 
safety of 1*25, this gives a ceiliiig vf'lto.ge for ac transmission 
to he about 2240 k¥. 

12. Ono of the objectives of the AS3A-ABP 1500kY project is to 
establish the valiciity of this assumption. 

15. It therefore still remains to see whether theoretical monels 
can explain this. 

14. This can be compared to what happens unaer lightning voltsgos 
in nature. If there be such a thing as saturation phenomenon, 
voltages of the order of 100 to 1000 MY observed in lightning 
might not be present in order to f las hover air gaps from cloud 
to ground from 500 to 5000 mf^tres . This is wher-'' Alexandrov's 
model and other theories of breakdown under lightning voltages 
can help to understand breakdown mc-clianisms occur ing under 
switching surges: 

5 . Oritical glashovor, Yoltage. V/ithstand Yoltage. ano. Statistical 
Cons ids rat ions . 

T/i?h51e all labor.'^tori''s r.''pcrt the 509'-' flashovor voltag'-*, a 
designer is really interested in the withstand voltage. This 
quantity is an ambiguous ono. Accordirig to statistical considera- 
tions, the withstand value in reality gives probability of flash- 
over of ,29/^ and not 0%. Therefore, laboratories must also pro- 
vide this information. It can be observed that in order to deter- 
mine the voltage that will give- a flas hover of 1 in 500, at least 
500 shots must ‘be given at each voltage level closo to the so- 
called withstand voltage. Some designers use a .19;- probability of 
flashover which requires ‘1000 shots to be given at voltages closc- 
to this probability. 
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lii ordpr 1j3 obviate sueb. a- procodurOj iilie expcriincjitali 
uso the- assuEipticn that broakdowa probabiliti s follows a 
G-auLssian distr ibut ica with % kuowo. moan value (50% flashovor volta- 
ge-) ana a standard deviation cr- • Then the withstaria voltage is 3(r 
below the GFOv 


In addition to this probability, other factors in d--sign also 
require to be invest igat"d on -a, sta.tistical basis, especially 
moteorological conditions. These give rise to oscillation of con- 
ductors, r^ilative air density, rain fall rates, and the ino,gaitudo 
of switching surges. From these cons id-3 rat ions it should be clear 
that a very large number cf experimental couditi''ns must be- varied 
in order to ostr.blish confidence- in design procedures. It has been 
recognized, however, th=^t a flashover to oxtc-rn'^l insulation is not 
catastrophic to the system. Its severity is the same as a single- 
line to ground fault or a phase-phase f -ault . 


^ • Faris ¥ork and Gan Factors 

After a great deal of experimental work, Dr. Paris of the BiflL 
and CESI in Italy formulated his great theory which has formed the 
basis for line designs in Europe. According to hini, the following 
results are obseiared. 

t) the GFO of any gap geometry varies as - 

2) For two gap lengths for the same electrode geometry, 

VgVg =(dgd2)°-® 

3) For the saate gap lengths in tvjo different electrode geometries, 
with one of them taken as rod-plene gap, 

= K, called the- gap factor. 

Here, all voltages are the 50% flashover voltages. 

For example, = 500 d°*^ add = 687.5 

^ E for rod-rod gap is 687.5/500 = 1 .375. 
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4 ) Por the more common oloctrode geometries, used, the follox/ing 


table giv-^^s th<= gap factors 

Rod-plane E=1 -0 

Rod-rod 1.375 

Conductor to cross arm ond 1 .55 

Rod-tower structure j .05 

Conductor— plane 1.15 

Conductor-window 1.2 

Conductor to structure 1 .3 


Ihe walues of K given above apply when there are no insula- 
tors present in a tower window* Since the height of insulat)»r 

in r-^lation to the air-^ap strike distance d can vary in designs 
used at different places in the world, the EIPf-CTHY Project of U.S.A. 
initia-ted a very worthwhile set of experiments c. Their finding is 
that the exponent is not 0.6 bub close to 0.75 for a Hj^/d ratio of 

1 * 

The steps to be followed in line designs based on Paris’s for- 
mulas will bo the following; 

( i) Prom network transient studies (using physical modelling^on a 
TEA or mathematical moaelling on a Digit “il Comiputer) ascertain 
expected maximum value of per-unit switchins surge on the 
system studied* let "this he . Por example, suggested 
levels are 2.5 p*u. to 1.5 p.u. for t ransaiission levels of 
’ 345 kV to 1150 kV* [1 p.u. = crest value of line— to -ground 
power-frequency voltage at maximum operating voltages of 362kY 
to 1200 kY, r.m #S « y line-to-linq_! • • 

( il) Assume a suitable value of the standard deviation o' . This 
is usually taken to be 5% or Q% of OPO* 

( iii) Assume withstand voltage to te V (1-3 0 ^). This should equal 

ss 

(iv) The GPO is then ‘ 

(v) This must equal Paris’s valuo of 500 k * 
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(vi) The required air gap clearance is 

a = {75 q/ 500K)’/°-® =[Tg^/(1-30-).500K]’/°-® 

¥0 Day remark here that the IBBB suggests <!"= while the 
I.B.C. suggests cr' = 657 of tho CFO voltage 

{vii)OncG the line— to -tower clearance is calculat'd through suit all 
g 5 ,p f^c-fcor Z, tho 1 ine— to — 1 hie cl€a.rance is tajsien. to !)>.- 1 •7cl 
and the minimum conductor-to gi*ouad clcaroncu is ( 4*3+1 •4c-). 


Bxojnnle ; A 400-kY line (420 k? maximum) has a maximum switching 
surge qf 2.5 p.u. when resistor switching is used and trapped char^ 
is neglected. Asssurae to ho 3<J^ below Y^^ withcr'= 55 .,, 

Allow a further 5% to cover differences between labor'-'tory and f i. 3 
conditions and take- 


= lir 

Design the clearance between conductor and tower and botwc-cu phasei 
Take a factor of safety of 1.2. 


Solut inn : 1 p.u. crest voltage = 420 ^2/^3 = 343 kV. 

. * . Switching surg^ crest vnluo 7^^=1 .2x2.5x343=1029 k7. 
E= 1.2 from the tabic for conductor to tower window. 


( 


jm 


0 . 8095 x 1 . 2 x 500 ) 


). 


1 .667 


5.33 metr?. 


L ine-td'-line clearance is typically 3 * 33 x 1.7 = 5*7 m. 

I ino-to -ground clearance is a minimum, of . 4 * 3 + 1 * 4 x 3.33 9 m. 

[ilots Tho UPSBB conductor-tower cloaraiico is nearly I 32 ” =11' 
= 3*3 a9.trcs, and phase-spacing* is 11m. The minimum 
clear'^nce to ground at mid span is 9 m.] . 


Dr> P. K« Ohatter.iee 
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■ ■FIBRS OPTICS IH C0MHICATI0IT3 

After completing extensive field trials in several countries, 
Fibre optic communications systems bave started entering commer- 
cial services. In tKe next few years’ the number of new services 
will becoaie impressive. World fibre sales, are stated to be pre- 
sently about ^120 million per year, and that are expected to rise 
to 1500 million by 1990. Field trials of various new applications 
are in progress at present. Also research and development efforts 
are on to find better and more economic materials, optical fibres, 
optical source® and detectors, and fibre components. On the other 
hand, applications in a variety of communications, control and 
measureHient systems are being inv'^'-st igated. 

The major advantages of fibre optics are : availability of 
very large bandwidth, immunity to electromagnetic induction and 
r.f'» interferences# absence of ground loops.,' less volume and weight, 
good mechanical strength and abundance of raw materials. These 
virtues have aiade fibre optics very attractive for civilian as well 
as military uses (both tactical and strategic). Today the case 
for fibre optics rests not only on its high reliability and band- 
width capability under noisy electromagnetic conditions, but also 
on price. 

Optical fibres today have excellent transmission properties. 

The economical multimode gradei-index fibres are available with 
losses of t to 3 dB/Bm according to the light wavelength. Wheareas 
single mode fibres have a loss of less than 1 dB/km permitting a 
spacing of 20kro between -repeaters at a bit rate of 565 Mbps. In 
such a-case, approximately 16 T7 programs or some 8000 telephone 
calls can be transmitted simultaneously. The wavelength regions 
of interest are the' 0.8<**0*9 pm short wavelength* region has readily 
available reliable sources (LSDs and laser "diodes) and excellent 
detectors. ' Operating close to 1.3 pm, two properties of the fused, 
silica fibre permit much loiiger distances (repoaterless) and higher 
data rates. First, the fibre loss is greatly reduced and second, 
pulse spreading (owing to material dispersion) becomes zero. At , _ 
longer wavelength-^of t.55 pm the fib're loss becomes even smaller, 

*and 1 . 3 - 1.55 pm long wavelength ranges. The short .wavelength ■ 



PKC-2 


but aiaterial dispersion ±k non~zero. In a Bell Lab experiment, 
signal has been transmitted ever a unrepeatered distance of 119 Kii 
at 1550 nm with, a transmission rate of 420 Mbps = The bit error 
rate achieved was 10’ ' However/ reliable Sources and low no iso 

detectors are still not readily available in the long wavelength 
region. 

The most imprrtant fibre fabrication methods in current use 
for the communications field are variants of two: outside vapour 
phase oxidation (0¥D) and inside vauour phase oxidation ( IVD) • 

Using ITO method high quality singlo-m\odo fibre of 20 km length 
and using OVD method high quality single- mode as well a.s multimode 
fibres of 40~50 km length have been reported to be produced in 
research laboratories. Aslb a mininium attenuation figure of 0.1 6dB/ 
km for a single mode fibre at 1550 nm has been reportedf Research- 
ers feel that using G-e 02 ~Si 02 glass system smaller losses cannot be 
obtained. So attention h.as turned to other glass systems, both 
«>xides and nonoxides and predictions have been made of much lower 
losses. For example, for fluoride glasses, especially those based 
on ZrF^, predicted losses approach 10 dB/km, and rapid progress 
is being made towards these figures (1980 - miore than lo'^dB/km, 

19.82 - about 30 dB/km). Very large repeater spacings - greater than 
1000 km at 10 ^ dB/km - is being visualized using those fibres. 

The sources used in optical fibre networks are Laser diodes and 
L igtt emitting diodes' (LBD) • The semiconductor material which emits 
light in the short wavelength range (0.85/0.9 pm) is OaAlAs . A 
laser diode using this material is reported to have an extrapolated 
life of more than 10^ hours’. LEDs and Laser diodes commonly used 
in this region are C¥ double hoterostruefure ’(DH) surface and edge 
emitting types. The typical light output for a LSD is lOOpW and 
Laser diode is '5-6 m1^, ' with spectral widths of 40nm and 1 nm, 
respectively. A suitable semiconductor material for uso in tho long 
wavelength region -is’ the' quartern ary alloy, In GaAsP. LSDs using 
this alloy are efficient, fast, .end very reliable. The , quarto rnary 
laser diodos are still not as reliable, although narrowstripe 
buried hetero— structure (BH) lasers ahe reported to he hiff'Hlv reli- 
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able, "bliSir Eieaa 1;Sffle i;o failure (MUTP) at room temperature could be 
expected to exceed 10 hours* However, certaia problems still 
remain with BH lasers aged over long period of time. These include 
the occurance of rapid degradation after long term stable operation. 

Silicon photo detectors are a nature! choice in the 0.85-0.9p.m 
range having a typical maximum responsivity in excess of 0.6A/¥ 
occurring just above 900 nm. However, Ge photo detectors have to 

be used at 1.3 pm wavelength region wltfii-s ign if ic anti y increased 
dark current. Both BIH as well as Avalanche photo TDiode (APB) detec- 
tors are used in fibre optics, the choice depends upon the repea- 
terloss length. Whereas silicon APB is a commercially available 
detector with excellent photodetoctor properties, germanium APBs 

have high excess noise introduced by avalanche gain. Very sensitive 

•tft 

InGaAs PIN photodectors have -also heen demonstrated offering a poss- 
ibility of a common material technology for both emitting and rece- 
iving devices at long wavelengths.. • ^ ' 

Pibre o-ptic comjjohents like popnoctors, attenua.tors , directio- 
nal couplers, splitters, multiplexors, demuliiiplexers , etc. having 
very good properties are cpmm'ercially available, but, further deve- 
lopment to reduce their costs*" is necessary. Similarly, splicing 
tools should be made more economical. 

Considerable improveaient In the space requirements, reliabil^ity 
and cost of components for o-ptical communication systems is possible 
if the individual optical, optoelectronic, and electronic components 
can be combined to form integrated optical devices. Among other' 
things, they may some day help to., make full use of the bandwidth of 
the optical fibre. 

Availability of very largo bandwidth ’ has made application of 
optical fibre in telecommunications, highly attractive, but, this 
also makes it possible to use optical fibres for a wide bandwidth , 
robust mo dulat ion technique , like spread-spectrum modulation (CSM) 
and multiplexing 'for special applications, like data netwo^rkSi' ' etc. 
Wavelength delviBion multiplexing ^WBM) is another new technique 
having cohsiderable attention ,in fibre' optics duetto its' great ' " ’ 
potentiality. . - ‘ , u ^ ^ ' ,, 
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Applications particularly suited to fibre optics, excluding 
telscomamnicat ions , include: process control, romoto wonitoring, 
CCIY, CATY, data processing, single and multichannel modon rep- 
lacement, mixed speech and data systcEis ( isDlT) , Itfcral ,;area networks 
(lAU) , railway signaling, poxfl'er system applications ^ ctCf 


Three types of fibres 


OPTICAL PIBRB 

(1) Step** Index (Multimode) 
( 2 ) ff r ade d-Inde x 

( 3 ) ^iP-gl® Mode 


i 2 =n^( 1 - 6 ) whero 6 = 


°i '".2 
n* 


0.01 to 0.02 


At«8^Q ; ( i) Silica (Ge 02 /P 205 doped 'core, SiOg or 3102 / 22 *^ 3 °^^'^) 

Refractive index : Core (n|) = 1 .469 Cladding (ei. 2 )~ "! *452 
Diameter : Core = 50 pm Cladding = 55“60 pm , outer dia = 125 pm 


Max. theoretical NA = 0.22, MA 


yn 


T 


n|= sin , 9 ^ = 15° 

n sec/lm (Theoretical) Practical = ^ x57) 


1 


Modal dispersion = 57 

(id) Platic clad silica (multinxode stop index) 


n^ 3 K 1 .452 


1^2 = 1.405 Core dia = 150 pm Cl adding,,, dia = 230 pm 


Max. M.A. = 0.37 (Theoretical) 9 ,^ = 22 outer dia 230 pm 
Modal dispersion = 165.0 ns /kp.x (Theoretical) PracticalA30 


Multimode G-raded Index : G-aO^/PpOc doped core 
(.850 pm) Si02 oT Si02/B20j cliid 

= 1.475 core dia = 50 pm n 2 = 1 .452 cladding dia = 55 pm 
outer dia = 1 25 pnx 

Max. K.A. = 0.26 (Theoretical) ) 

9, = 15° 1 


Central region of Core 


Modal dispersion <0.5 ns/km (experimental) 
^ia^..§.,..?^Q..d.g. : &e 02 doped core Si 02 cladding 


n. 


146 2 


outer dia = 1 25 pm 


core dia_^= 3*3 • pm ^2 = 1 *452 cladding dia = 45 pm 


Max. M.n. — 0.17 (theoretical) 9 ^ = 10° Modal dispersion s= 0 
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The relation between core end cladding rofrective indices for a 
step-index mu^timoge fibre is n^ = n^ ( 1 ~ 6) where 6 << 1 , 
typically _ q.oI to 0.02. 


For the graded-index fibres, the core has a graded inde-x 


which usupaiy decre^'ses radielly from maxnnum value n. at the 
centre of the core according to the law n = n^(1-a Y j where 
a is a constant andt" is the distance from axis, 
popular core is the parabolic gradation: 


A particular and 


n^ = n^ [1 - (~^) 0 ^ Y ^ 


a 


In the single-mode fibre, the core ra.dius a ia very small 
(a Pi 2 - 5 pm) which ena.bles prop^^o.tion of a single mode only. 

The number of modes of propagation in an^optical fibre is given by 


IT = 0.5 ( 


n d(S.A) 

A.u " 


) 


1 


where d = 2 a is the d'iaan.et3r of tho core, and NA = (n? - n?) ^ 


Thus, for a given combination of refractive indices, as the diameter 
of the core is reduced, fewer moccs propa.gpte. „liThen eventually 
the diameter becomes of' the same order of magnitude as the wave- 
length of light, then onl_y a s.iagl.o. Diocie . will propagate. 


The r.m.s. width of the 'inTpulso response for a step— indox 

fibre is proportional to 6., whereas fdr’ the graded— index fibre it 
. 2 

IS proportiond to 6 . ■ ' 


.Pronagation thru" Fibres : (Ray Theory) 


¥e consider the steprindex fibre'. 

From Snells ’ law ' ' 

n-j s in = n 2 sin -^2 ■ ‘ 

or n^ cos 6^ = n 2 cos ©2 

No real angle ©g exists if n^ cos >, n 2 

For this ine<3.u^ity to hold, thc-'ro will not 'be any refracted ray 
in the cladding -region. For the rays to iDe 'confimed to the <5.o.r^- 
regjpn the angle#, must not exceed tho 'critical incident angle,,©- , 
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where cos = 0 . 2 /^^ * 

LXsc sin -= sin • 

Assuming = 1 

sin 9^ i= n, sin 8. 

01 I 

Let when = ©ic * 

= a^ /l - cos^ e = 


Therefore, sin 



0 r s in 


e. 


m 





This means that a cone of light incident on fibre with conicsl 

semiangle less than 8 will be accented and propagated through the 

m 

fibre. Sin 8^ is the measure of the light gathering power of the 
fibre and is known in optics as the llumerical Aperture (N.A.). Thus 



This indicates that the maximuai light acceptance angle of the fibre 
is independent of its phys ical. dimensions , and can be made large. 
Secondly, the fibre cross-section can bo made small to increase 

flexibility. 

It is to be noted that total internal reflection is a necessary 
but not a sufficient condition for propagation of light rays in 
optical waveguides. At each point of reflection the ray undergoes 
a phase change. It is these phase shifts which impose an additional 
constraint. Their evaluation becomes necessary to satisfy the 
condition that optical paths (phase differenc„e).;be tween two normal 
planes for parallel rays should differ by an integer multiple' of 
271. This condition can be applied to the ra,y undergoing multiple 
reflections in an optical waveguide. 

It can be seen from the figure th^^t the wavefronts are also 
eq.uiphase planes, for -the two rays 1 and 2, points A and 0 are on 
an e<iuiphase plane while points B and D are on another eq.uiphase 
plane. Now when the two rays travel' from one equiphase piano to 
the other, their path difference ( including the phase shifts in ray 
2 due to reflections at C and L) should be integer multiple of 27t. 
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LG.ii "feii© pli-iSG sAifiis QUO "bo rofl Set; ions ai; C and D "bo <p (sains piiass 
shift at both interfaces as the refractive indices of the two media 
are the same at both 0 and D) , and to express various distances in 
terms- of d. and 0^ ^ we have ' ‘ ’ 


t 


AB=BC cos 

= (Cp'- BP) 09,8 , 

= (cos^ ~ sin^ ep 


cos 

d 

s in 




k, 


n-j (S2 - Sp k + 2 9 = 2 Nu 

where N is an integorir Hence,' only rays^at discrete- values of 
angle' e*:j • satisfying the above eq.uation can propagat©.. Ihose 
discrete values of correspond to the various waveguide mo'des. 

JwQ types of rays exist in optical fibres : 

( i) meridional rays 
and ( ii) skoi'f rays 

Meriodional rays confine to a single (nic ridional) plane and pass 
thru’ gi^idc axis. Skew rays do not conf-ine .to a single plane and 
do not pass thru ^ the guide , axis. 7 


It can be easily shown that the path length of the meridional ray 
is P (^■j) — Ii sec 

where 1 is the axial length of th-' guide. The path length and 

therefore, the transit time of a ray is a function of the angle 

of the ray. This differential delay betw<=Ga the permitted modes 

reduces the infom^ation capacity of the guide. The number of 

reflections of a meridional ray can be shown to be 

1 tan ©. 
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The numher of reflections plays an iroportant part as each reflection 
is associated with some loss# The number of reflections per unit 

length is tan 6# 

■KT .ii ,mm 


Skew Ravs i 

Consider Fig. 1.3(a) which shows a typical skew ray AXY. Here 
I and Y are the two reflection points et the core and the cladding 
interface. XC is normal to- the refl ■acting surface at the point X 
and is the angle of reflection the ray mak-'^s withthc normal ZO. 
YP is perpendicular from Y to the cross-sectional piano containing 
XC. Y? is therefore parallel to the axis and P like Y also lies 
on the ..inte.rf ace . Anglo y is palled the azimiuthal angle for the 
ray. 8^', the angle between the ray i^nd the reflecting sur- 

face is called internal axial angle. Those angles, i.e., 6'^, y and 
(T)^ are maintained for a particular ray through successive reflec- 
tions. 


Figs* 1.5 (b) and (c) give the different views of the relevant 
angles in detail. It can be seen th^it the angles y .and..p grs in 
perpendicular planes. Plane IP¥ is perpendicular to plane WXP, as 
P¥ is perpendicular to XG, therefore, triangle XVrf is a right ang- 
led triangle. Therefore, 

_ 21 _ -II 22 

cos _ XY - ZP * XT' 


= cos y cos p 
= cos y sin 6^ as p = ~ 


s in 6“ 


1 


_Ln 


COS 


« cos 


9i 


¥e know for total internal reflection 


cos e- 


1 

sin > 

9l < (1 


n 

n. 


1 


n. 




( 1 ) 


or 


COB 


( 2 ) 
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Using eq,i (1), we lia.ve 


s in ©4 < — — — fn - 


1 

2x2 


Applying S*nell’s law 
s in e 


cos 


C^I 


r3) 


1 

2 


If Hq is unity and ©j^ is tla.9 Eiaximucj, yaluc of the angles © , i.e. , 
the maxitfium acceptance angle, ■■ then ; - 


®M= o-^ 


(nf -'n?) ^■ 


dr sin 




sin © 


li. 


cos Y 


(3) 


where ©j^^ is the maxinium acceptance angle for cierid'ional rajrs -a,s 
discussed earlier. 


Thus we SGO that skew rays can he accepted at wider angles 

than the meridional rays. For y = 0, i.e., for the maxiniuct value 

of cos Y- (unity), the ray becomes a meridional ray. As y varies 

from 0 to ^ , the rays tend to travel more along the surface i 
% ^ 

At Y “ p , the ray travels along the surface. For any angle © >© 

j.,. ^ 

there xs a range for which the skew rays are accepted-. It- -is- 
interesting to note that for any numerical aperture’, ©^^ can be 
equal to 90° for y = ^ ~ As an example, let ©^^^ A '30°. There~ 

fore, NA = 0.5. Then for y = 90° - ©^^ = 60°,' wo' get ©^ = 90°. 
Hehde, there will be a- -cone of light of serai-cpnical angle of 30°. 
followed by a dark band and then a ring of light duF3o"'s"k8V 'rays 
the width of which depends upon angle y. Thus ©j^ depends upon y 
and the refractive indices, and there exisbs an angle y for which 
ray at any ©^ is accepted. 

The unit path length for a skew iPay is 


1 = sec ©. = 1 

e 1 m 

where, 1^ is the unit po.th length of a meridional ray. The number 

of reflections (n ) per unit length for a skew ray work out to be, 

tari 6. 

n = — 

s d cos Y 

1 _ -.-la.,,. 

s ~ cos Y 


or 
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Thus the number of rcflecticus increase incase of the- skew rays 
over the meridional rays. -.If y = ^ number of reflections is 

infinite giving a true helical -path al'^ng the intorfaco. 


Attenaa-tion Mechanisms : 

The mechanisms for linear losses are: 

(.a) material absorption 

(b) material scattering 

(c) mode coupling to the radiation field 

( d) radiation due to bends, and 

(e) leaky modes. 


Ifei;.er ial abo so rnt ion : Many glass compositions would show negligible 

material absorption in the wavelength regions of interest if no 
foreign elements were present. However, traces of transition metal 
or hydroxyl ions have a profound effect. Both the glass typo and 
the state of oxidation of t'hese impurit'ies influence the absorption. 


:■ Several linear scattering Diechahisms can be 
distinguished in most fibre waveguides. The most fundamental, 
Rayleigh scattering, is always present due to the inhomogeneities, 
small in comparison to- the guided wavelength, which are produced 
in the guide during glass melting and. fibre drawing. Rayleigh 
scattering can normally be identified by its proport ional ity 
to and by its, angular dependence proportional tp (1 •+■ cos^ &) 


When the inhomogene it ies are comparable in size, to the guided 
wavelength, Mie* scattering can be observed. 


Ig . # gpupl , li:ig„„gca-t;1;pr , ; Variations in core diameter or core /cl adding 
refractive index difference along the length of a fibre waveguide 
can influence the transfer of power from one mode to another and 
hence to the radiation field. 


R aa A ai;.M.p- ayg to ill dielectric guides, other thah those 

that are absolutely straight, will rad.^ate. 
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ji fiakv Modes. : It has been shown that there is a class of modes whicl' 
are not .completely guided, but will slowly leak. These modes are 
in two classes both of which can be represented by highly skewed 
rays. ^ 

Pls-ners ion . in Oot ical Pibres ; . . ; 


Inter-Mo dal D.i3pe.r.a-iQ.a. : It optical fibres only certain modes, each 

having its own velocity of propagation, are allowed which corres- 
pond to diseretly defined angles of iricidence of rays in the 
fibre. Owing to the range of different group velocities of these 
excited modes, there is a spread in the arrival times of power 
transmitted in the individual modes which results in a wider, 
dispersed pulse at the output. This is known as intermodal dis- 
person or group delay dispersion, and ixa multimode fibres is ■ the 
dominant dispersion mechamisn--. The delay difference between an 
axial ray and a ray incident at the aiaximum angle is -given by 


A 


n 




( 




cos 6 


1 ).- 


Thus, for = 1.45 and 6* = 8° (correspdadihg to 6 = 0.01), 

^ T = 47 n sec. /km. In prsctic'^ the spread obtained is less due 
to mode coupling.betwoeh higher and lower order aiodes and higher '■■■. 
order and .radiat-ing 'medes . This results in less power througojut. 

, Intermodal dispefsio-n may be greatly reduced, however, without ; 

aS;SOcia,ted .powe-j:* lasses or reduced launching efficiency by . - 

arranging for the; energy transmitted in the higher order modes to ' 

travel faster than the lowor%'r'(ier aiodes such that the increased 

velocity compensates the longer distance traverse.d^by_ the higher 

order modes to travel faster than the lower order modes. Since 

the modal group velocity is an inverse function of refractive 

index this may he achieved in practice by the fabrication 'of. 

fibres having a gradual decrease in refractive index from the 

centre of the core to the coro/cladding interface. In a fibre 

having an optimized profile and small relative refract ive. 

(6 « 1), neglecting other dispersive rnie chan isms maximum 

delay difference (v ) per km. between fastest and slowest modes 

' max • 
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a. 6 ^ 

is given per kffi. 

Thus, for = 1.45 and 6 = 0.01, the delay spread is 0.06 ns /km. 
Practical values are more than this. 


Material Disners ion : Material dispersion becomes the dominant 
fibre bandwidth-limiting mechanism when intermodal disnorsion is 
negligible. Ma,terial dispersion, which is also known as wave 
length dispersion, arises as a result of the , ref ractive index 
variation of the fibre with the Jisravelength of the signal source. 
Practical sources used in optical fibre transmission systems have 
a finite spectraP linewidth and since the fibre refractive index 
is different for different frequency components of the- source 
there is a finite range of group velocities which results in a spr 
eading of a palse propagating in the fibre. The pulse spread 
due to material dispersion is proportional to the second derivative 
of the refractive index w.r.t. wavelength, 

A 

c 




= 


^2 
d n 


d X' 


Por CaAlAs laser of line width 4 nm centred at ' 900 nm, the material 
dispersion is 0.35 ns/kn\. Por an IPD this is 3*5 n soc/km. 


It h?B been shown th^t the second derivative of h and hence the 
material dispersion falls to zero at a wavelength in tide region 1 .2 
-1.4 {im and then iicreasbs vrith wavelength but with a change of 
sign ( i.e.,' longer wavelengths are delayad w.r.t . shorter wavelengths 


Maveguxde Dispersion t There is a third dispersive mechanism knowh 
as waveguide dispersion. This arises as a result of the > depen- 
do nce'-^ of ‘ the group velocity in each mode. This is obtainvpcl as 
about 6.6 p sec/nm. kni. Cancellation of waveguide dispersion with 
material dispersion may ta,ke place' a little above 1 .3 pm when the 
latter changes sign. 

S lg, at ro -Optic T^ransducers • (light Sources) 

Li^lit Emitting Diodes, (LED’s) 
laser Diodes 

G-aALAs lED’s emit in the, 0.85 pm to O.9 m region 
GalnisP/InP IBD’s emit in the 1.25 pai to 1 .3 pro region. 

LED's are simple to construct, extremely easy to modulate, and 
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LSD'S work by spontaneous radiation. 


LSD's have linear characteristics, so more suitable for analog 
systems » 

LSD's have smaller light power output than lasers* 

LSD's are incoherent sources- spectral, vridth is pt the order of 
40 nm.1 ' ’ ' 

I , 

LSD's can be modulated directly. 

Lasers to be used for fibre optics must bo of C¥ type. 

They have much higher output thah^IBD's. Lasers are more coherent 
sources than LSD's ~ 1 to 4 nm spectral width. 

If a LSD is operating with a binary input, the light output 
will be between zero and some maximum. 


In the case of laser, some spontaneous emission occurs at 
low currents where the device behaves just like an LED. As the 
current is increased a threshold is reached, 1^^^, beyond which 
lasing occurs. - ' 


The threshold current of lasers vary with temperature and 
time, and differs from time to time. This causes the operating 
point to vary* if' the drive current is held constant. So some 
kind of feedback control is necessary to keep I^^ uadercont.|*ol • 
The above control system provides real time feedback at d.c. 
and low f reluencios, and mean power feedback at high f reiueacies. 


Photo Detectors ; (Opto -Elec trie Transducers) .. , 

* ' 

Photo detectors used in. fibre optics are of -two types: 
PIN Photo detectors , . 

AJPD Photo detectors 


In the APD the electrical output signal from the pho-tod^tector 
goes through aiult ipllcation within the device due to the avalanche 
process created by the presence of high electric fields. 
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i X -p +v,P detectors appear from several 

Uois® at the output of the aetc 

sources : 

i.- 1 , nci cimiDlv shot poise in the 
(a) Pundsoeatal quantum noise 'Whren xs ^«ndom time 

photon ourroAt, la of.eot, it property 

of arri"'^2l of the photons. It h <. 

that it impends on the signal level. 

T • - -rifl-it inual shot noise in multiplica- 

(h) Multiplication noise, or j.dditioaai - , ^ 

^ XI ^ r.+r,-i--ic!ticpl nature of tnc muiri 
tion. Itis results from th'= stajist- 

Tclication process in photo multiplier^. 

- rnr-n riant of illumination, 

(c) S&rk current or leakage current, ina..pc- 

• that increases thr above shot noise effects. 

( d) 'Thermal noise in the amplifier- 

(8) Noise in the traosBltted signal or genornted to the trins- 

mission medium. 


gi - mostly used in the 0.85 " 0.9 pm region 
(5e - used in the 1 .3 - 1 »55 pm region 

IPD’s can have fast response - from veil helow 1 n» sac. 
few n* secs • 

The receiver circuit must provide a steady reverse hia 
voltage for the photodiode. 

Por PITT ,:r a voltage of 5 to 80 V with extrea^cly low current 

, - .it :is not critical. 

For ilD ~ A bias voltage of 100 to 400 V is needed » it i^ cri- 
tical since the multiplication factor depends on thD^> 
critically, 

1 rr-medy to this is to bias the API with a d.c. constant 
current source. 
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Ope rat ing 

Mean 

■Reference 

X 

Window Fibre 


Voltago( Y) 

current(a) 

0/P Power 

( am) 


Eioel^ 

Bdge Bmi“ 

1 * 


( dBm) 


Core Dia 
(pm) 

K •A » 

tt ing 

1 .8 

0.15 

-14.0 

850 

82 

. 0.48 

LED Burrus 

1 .6 

0.3 

-10,0 

900 

63 

C.48 

DID Burrus 

1 .6 

0.3 

-7.0 

900 

63 

0.48 

LED Burrus 

lED Surface 

1 .6 

0.3 

-5.2 

900 

63 

0.48 

emitt ing 

1 .6 

0.1 

-7.9 

820 

(250) 

(0.39) 


'•i 


Max* Typical T5rpical Typical X Spectral Rise 

Output Drive Threshold Porward (am) Width Time 

Power Current current voltage (am) (psec) 

(law) (mA) (mA) at I^^(V) , — 

2 185 150 TTs 860 1 

1 1 to , ■ ‘'-' 'SO'' ''■■■' •: 1.8 850 2 

BH (iaSOlim ”5 90. 2.0 830 2.5 100 

1 25 \xm fibre ) ' ' ‘ ' if,.: 

NA=0.2, Graded, - .r.:''- 
Index 

7 185 150 , 1.85 850 1 

(into EA=0.5) 


m 


Area 

(mm2) 

B ias ■ Sens it iv ity 
Yoltage (A/¥) 

(Y) 

Dark 
Current 
(oA) , 

Capac i- 
' tance 
.(pF) 

Core N*A. Typical Quan- 

Dia(pm) Spectral turn 

Response p(.^) 






'■ — range ( am) — 


10 

0.3 

0.15 

' " ‘l 

190 0.48 

0.8 

45 

0.6/0.15 
(900) (1060) 

10 ' 

2.5 

Rise Time=3/5 ^400-1300 83/17 
as ^ (900) (1060).. (500/ 

(106 0) 

5 

45 ■ 

0'*6/0.15"' 

30 - 

_ g-, 

5/8 400-1100 83/17 

50 

45 

0.6/0.15 ' 

' 70 

3^ - ‘ 

10/18 400-1 iOd '83/17 

100 

45 

0.6/0.15 

300 

70 

10/22 400-1100 83/17 
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iZJh. 







Area{mm^' 

'B ias' 

?oltage(V) 

Gain Scnaiitivity 
l/¥ 

Dark Cap. Rise 

Current (pF) 


0.5 

275-4257 

120 

75/18 

• 50 nA 

2 ^7?" 400-1100 

85/1S 

0.2 

180-250? 

150 

‘65 

-15 nA 

1.6 0.5/400-1100 

60/ 


275-425 

75 

45/25 

•10 nA 

10 ’ 2/ 400-1 150 

85/40 


, .. pe , j ;.£.Q-ta£§, : 

Important Pequirements to te fulfilled photo detectors used 
in fibre optics; 

(a) High response at the wavelength of emission* 

(b) Sufficient bandwidth or speed of response. 

(c) . Minimum additional noise introduced by the detector. 

(d) liow suffceptibU ity of performance characteristics to change 
in ambient conditions. 

(e) Compatibility in size, power supply reiuirements and coupling 
to the fibre. 

PH ?he to diode; 

When the incident photon energy h becomes greater than the band gap, 
the photon can excite an electron from the valence 'band to the 
conduction band (absorption). Svery semiconductor becomes absorptive, 
at some critical wavelength. This limit is known as the absorption 


edge. 

Mater-ial 

Xn _ -ttf 

Energy gap, (eY) 

Ag( (im) 

3.35' - 3. 

Pb S 

0.34 - 0.37 

Ge 

0.67 

1 .85 

Si 

1 .14 

1 .09 


1 .43 

. 0.87 

Ga- p' 

2.26 

• 0.55 


Optical p6w§r inc ident on the photo diode gets absorbed 
and produces electron-hole pairs resulting in mainly displacement 
current. The number of electron-hole pairs produced depends 
mainly on the q.uantum efficiency of the diode. 
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Quantum efficiency (r)) of the diode is defined as the fraction 
of electrons emitted when a single photon of energy hV is received 
] 3 y the pho todetector^ where h is the Plank’s constant and is the 
frequency of the propagated light. 

In the PIN photodiode there is often a trade-off between the quan- 
tum efficiency and the speed of response. For higher quantum 
efficiency long absorption region is required. For high speed we 
require short drift times, thus a short absorpiton region resulting 
in a trade-off between p and the speed of response. 

An ideal photodiode, i.e., one which produces one electron 
for every photon incident on it, operating at 1 p.m wavelength will 
have the responsivity of about 0.8 amp. per watt. 

. .Eespons ivity (R) is defined as the -average emitted current 
divided by the average incident power 
s 

R = jljj' • p coulombs /joule (=amps/watt) 
where e is the electron charge in coulmbs. 

Since the optical power levels we are interested in detecting can 
be as low as a few aanowatts, the photoelectron current will be a 
few nanoamperes or less. Thus the am-olificr stages used after the 
detector which generate thermal noise, limits the performance of 
the optical receivei^. Thus it is desirable to have a mechanism 
to increase the detector responsivity before amplification. 

Avalanche photodiodes (AFD) provide such a mechanism. 

The doping profile is adjusted to result in a narrow region to the 
left of the intrinsic ( i) region where high electric fields exist. 
Carriers which drift into this region can be accelerated to velo- 
cities which ar'^ sufficiently high to generate new electron-hole 
pairs through the process of collision ionization. These new 
carriers can in tum generate additional pairs. The result is an 
effective amplification of the photodiode output current. But, 
unfortunately, this amplification is random. The variance of this 
random process is made as small as possible by proper device design. 
As stated above the speed of response of a PIN detector is governed 
by the time it takes for carriers to cross the ’i* region. For 
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JLVD the speed of response is governed hy the time it takes for 
carriers -to cros-s the ’i’ region plus the time roq.u.ired for multi- 
plication pro-cess in the h:igh field region. In practical APD's 
there is a trade off , between the gain and the bandwidth (response 
speed) » 


P,II -Photodiode.. Mod^ : 

‘The pm photodiode circuit and its incremental equivalent 
circuit is shown 

= Diode Junction Capacitance 
Rg = Diode Series Resistance 
Rj^ = Physical load Resistor 

Ihe diode as can be seen is eseentially a current source. Ihe small 
series resistance is negligible in most applications. The load 
is the amplifier to be used with the photodiode modeled as a 
resistor in parallel with a. capacitor followed by an ideal, in~ 
finite impedance amplifier. If A(f) is the amplifier gain and 1(f) 
the detector current at ,a frequency f, the output voltage is given* - 
by: 

Y(f) = 1(f) Z(f) A(f) 

where Z(f) = ^ 

+ jSrt Cj 

is the impedance of the load, and 


ana Oj, = + Cj 

If the optic^ power falliiig on the detector with responsivity 
R (amps /watt) is p(t) watts, then the amplifier output voltage is 

t(t) - p(t) R » * h^„j,(t) 
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where is the detector impulse response, and 

^ load amplifier impulse response. 

It is to he noted that p(t), the received optical power 
varies in time at a baseband re.tc- and not at an optical rate, 
Further, the modal assumes that the detector output current is a 
linearly filtered version of thf> received optical power. 

Ihe above is a schematic of an APD biasing circuit, The APB 
responsivity is a strong function of the bias voltage. Therefore, 
power supply has to be controlled by a temperature compensating 
circuit to maintain a fixed avalanche gain, because teaiperature 
variation varies the detector breakdown voltage. The equivalent 
circuit of an APD is identical to that of a PIE diode. Since the 
avalanche gain is bias sensitive, saturation can occur if the 
applied signal vario.tions are very large, therefore caution must 
be excercised. 

Various sources of noise associated with the detection and 
amplification process for an APD are depicted on next page 

Eormally when the photosiiode is without the internal avalanche 
gain, thermal noise arising from the detector load resistance and 
from active elements of the amplifier dominate. Is/hen internal gain 
is employed, the relative significance of thermal noise reduces. 



























Detector Model : 





3=1 

N^(o,t) 

j=1 


torval 


e (t-Z^) 


Inhomogoaous Poisson 
Pro cons with intensity 

■^(t),o = electron charge 


^^(ojt) is an inhomogcnous Poisson count ing process with intensity 

> (t) . 






Vi 


n 



Fig. 1-2 (a) Side View 0^0 Step Index Fibre 
showing Q typical Mendionol f'cy 




Wave fronts 



0 


Fig.1-2 (b) Rays undergoing Multiple Reflections 






Cross-StfCt'sonal Vitiw 


(a) Typical Skew ..-Ray 
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(b) (c) 


Fig.1'3 Skew Ray and Associated Angles 
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, * ^ eon®. Mag. 

(For Sestr|cted^gg|e only) 

OPfICAli FIBBR TEMSMISSIOH FROM CONCEPTION TO 
PROMININGB IN 20 TSA^ 

(M. Scliwarz) 

-rhe Transmittal of information by optical means, such as 


smo^e and fire signals, dates bach to prehistoric times. However, 
little advance m these methods appears to have occuroa unt^ mi 
when Ohanoe invented and demonstrated the optical telegraph [1]. 
This system was widely used in France and in other parts of Europe 
for aiore than 60 year* in 1870 the physicist John Tyndall demons- 
trated that light could be guided along a curved path in water, 
subsequently, in 1910* Hondros and Debye [2] laid the foundation 
for understanding this behaviour when they analyzed dielectric 
waveguides in their studies of the propa^gation of radio waves. 


In 1880, A.G. Bell invented and patented the 'Photophone ’ , 
which he used to transmit speech signals at distance of a few 
hundred meters. This system used intensity-modulated sunlight 
reflected from a siA»«)r, atmospheric transmiss inn, and a selenium 
detector. However, because the system lacked ,a well-controlled 
medium, a dependable optical source, and a sensitive detector, 
Bell’s Photophone lost out to another, somewhat better known, 
Bell invention— the telephone. 


Technical development in ths field of optical communications 
again seemed to cease until the invention and realization of the 
laser in 1959 aud 1960. The prospects of a controlled sourtc 
capable of transmitting enormous amounts of information, at a time 
when the importance of information In the society of the future was 
just being recognized, led to major research efforts to uncover, a 
low-loss, well-controlled, guided optical medium. The bro-^kthrough 
occurred in 1966 srfcan K.C. Kao and G.A. Hockham [3] of STL proposed 
a clad glass fiber as a suitable dielectric waveguide. They pre- 
dicted that a loss of 20 dB/km should be attainable in such fibers. 
These remarkable predictions, at a tic\e when the lowest loss in 
fibers was about 1000 dB/km^ led to increasing resea,rch in glass 
materials and processing efforts in many parts of the world. By 
1968 , bulk sillica samples had been prepared with losses as low 
as 5 dB/km [4]* In 1970, F.P. fepron, D.B. Keck, and R.D. Maurer 
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[5] of Corning Claes WCrrke reported on a doped-silica clad fiber 
th.n,t ach-ieve^i. the 20 dB/kn loss bogey. Tlaat same year, just eigbt 
years after the development of the first semiconductor injection 
laser (Gals, low temperature, pulse operated only), T* Hayashi and 
otherj£[6] at AT&T Bell Laboratories achieved continuous, albeit 
short~lived, operation at room temperature and optical confinement^ 
with an AlGaAs doubleheterostructure device which x-^as lattice— matched 
to a GaAs substrate. 

As promising as these developments were, there still seemed 
to be enormous obstacles to making optical fiber transnxiss io n 
practical. Some of the major issues at that time were; 

. Could be loss the reduced to the range of a few dB/km or 
less to gain a regenerator spacing advantage over competing 
wideband technologies, such as COAX? 

..Could fibers be produced at sufficiently low cost to make - . 
optical fiber transmission economically attractive 

. Could 'fibers be drawn with suff-ic.ient strength to survive 
manufacture, cabling, installat ion, and field use*? 

. Could fiber dimensions and index-of — ref raction profile be 
controlled well enough to permit satisfactory transmission 
characteristics and reasonable splice losses? , - 

. Could splicing be perfoMxed in the hostile field environ- 

' ment with suffici'^nt alignment accuracy, freedom from con- 
tamination, and stability to allow stable system performance? 

• Gould practical optical fiber connectors be designed? 

• Could in ject ion ,1^.8 er lifetimes , then measured in minutes, 
be extended to the tens of 'thousands of hours needed for 
real systems? 

. Gould laser light be coupled without-, large loss into optical 
f ibers? 
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In the succeeding 13 years, affirniative answers were reached 
to these- questions, and to other vital ones which had. not even 
been identified. An excellent objective historic account of opti- 
cal fiber comnwnicat ions has 'been provided recently by T. Li[7]. 

In this adn'iittedly personalized and not so objective account, 
-I will review the progress made in optical f ib'^r transmission, 
with emphasis on the aiediuai, while pointing out : 

. the set' of optical and physical materials, properties ,• and 
discoveries which jointly make optical fiber communications 
practical : and 

. that scientific and engineering knowledge and tools, along wit 
the necessary incentive, were in place by this tirie which 
supported a period of remarkable progress. 

LOW LOSS FIBERS ;OPEI^IHG IHB.D00R 

As previously indicated, the lowest—loss optical fiber that 
has been made by 1965 had a loss of about 1000 dB/fcm. As engineer 
we sometimes throw such numbers around with great abandon without 
giving ehdhgh thought to their s ignif icance . To put things in the 
perspective of that time ( 1965)^ let us assumS tiiat we wahted to 
transmit a signal via an optical fiber oyer distance , 'of , 1 .km (a 
short distance '!'■• tslccom.i.unicnt Ions standards), w it ho h.t 'amplifica- 
tion -or regenerat ion. Since the weakest signal we can possibly 
detect corresponds to a single photon, and assuming a source 
wavelength X = Ipm^ the minimal detectable energy is 

= hv = (6.625 X lo“^'^)(3 x 10^^}ergs , ■ ^(1) 

= 20 xMO"'^^ 'joules ' ' ( 2) 

i 

AfOsuming a lQ30‘-dB average loss in transmission, the required 
average input energy Ej_, is 

X ,10^°^ = 20 X 10®° joules 
to get, on the average, one photon out! 


(3) 
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-On® of the many ways to show that this number is absurdly 
large is to note that 'the total world energy production in 1981 was 
'284.,51 Hence, it would:. take Y years 


20 X 10^^ joules 


(284.51 - ) 054.8-^l l y-- 


Y = 6.67 X 10 


60 


years 


(4) 

(5) 


to pitrdice enogh energy, at the 1981 rate, to average 1 photon out 
-of the l-km fiber length. (Of course the fiber would have disinte 
grated in the first millisecond). 


The previous calculation indicates the significance of the. 

Kao-Hockham prediction that losses of less than 20 dB/km were possible 
in optical fibers* In their 1966 paper [3] they concluded that^ 
’Theoretical and experimental studies indicate that a fiber of glassy 
material constructed in a cladded structure represents a 'practical 
optical waveguide with imjrortant potential as a new form of commu- 
nications medium... The crucial material problem appears to' be one 
which is difficult but not impossible. Certainly, the re'quired 
loss figure of around 20 dB/kro is much higher than the lower limit 
of loss figure imposed by fundamental mechanismis ’ . 

In order to make this prediction, Kao and Hockham had to esta- 
blish' the theoretical waveguide and materials properties of the 
optical -fiber dielectric medium, and demonstrate that the materials 
and dimenaional rcq.uirem.onts were realizable. Kao [9] points out 
that Jdimens ional tolerance req.uirements had to be established on 
simulated fibers', and that 'instruments to measure optical loss 
had sensitivities several orders less than that was req.uired’. In 
spite of those difficulties, rapid progress was made, including 
vastly improved opt4.C;al loss measuring instrument .at ion. Figure 1 
shows the enopmous progress that has been-^made in fiber loss versus 
calendar year. - . - ... ■ ' ' 

It has-' already been noted how the' Kao-Eoc3diam results simulated 

fiber research in many countries.. F.P. Kapron, D.B. Back, and 
Maurer [5] achieved the goal of 20~dB/km attenua-tion in 1970. In 
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reviewing this work in 1979- Maurer [10] points out that there were 
two key^ decisions made early in their research work. One was to 
use glasses consisting primarily of silica, with oxides added to 
the extent necessary to increase the ref.ra'ctive indeX’. These glasses 
have provided the le-west ^-tte-nuations ^y§t achieved and have excell- 
©0.1} pliys icpil pT*op0x*'t» o Til© ol^liop dGo-O-Gioo Uo© vs-pox* pliHS© 

processes for manuf acturisig the gloss preform’, or rod from which the 
fiber is drawn. Vapour phase processes., have not only provided the 
necessary purity but, in addition, have turned out to be surprisingly 
flexible w'hen adapted to new ways of making tho preform. As a rosul 
both ideas seem to have stood the test of time nnd remain at the 
heart of today’s technology*. 

-The choice of glasses made principally of silica was very impo- 
rtant from, the phys-ical properties point of view, and because of the 
cost and availability of silicon tetrachloride. High“*silica glasses 
tend to be chemically stable and durable, and if properly formed 
and free of inclusions and surface damage, can be even stronger than 
steel. The vapor i)hase process normally starts with reasonably pure 
liquid chlorides', such as silicon tetrachloride and germanium tetra- 
chloride, which are vaporized in bubblers and carried by the oxygen 
carrier gas through a hot zone in which the oxides are formed. 

This process results in a substantial purification by a factor of 
1000 or more with respect to iron, cooper, and other transition 
metal ions, because of the large difference in vapor pressures in-- 
volved. This self-purif ication process, and the avoidance of con- 
tainer-induced contamination associated with melt operations per- 
formed in other glass-forming methods,’ continue to make vapor-phase 
methods extremely attractive for low-loss fiber fabrication. 

At this time, the principal methods for fabricating .fiber 
preforms, from which the optical fiber is drawn, are: the Outside 
Vapor Deposition (OVD) process [11,12], the Modified Chemical Vapot 
Deposition (MCVD) process [15]» the Vaporphase Axial Deposition (VAI 
process [14], and the Plasma, Chemical Vapor Depos ition( PCVD) process 
[15]« Perhaps because it has resulted in high-quality’ multimode 
and singlemode (SM) productipn fibers and is well,, understood f16— 18] 
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the M.GTD process' is widely used throughout the world for fiber maau- 
facture. Figure 2 is a schematic of the vaporphase MCVh process. 

Based , on results obtained thus far, it appears that there may 
be little to choose between the alternative processj insofar as 
producing low losses ’''is concerned. Figure 3 shoira the loss versus 
wavelength for a good, but not cnampion, multirooae high— silica fibpr 
produced by such a process. However, there may be some differences 
in the area of profile control, a,nd hence bandwidth reproducibility 
for. mui.t imode fibers and ’zero dispersion wavelength’ for SM fibers. 
Those factors, 'and the cost of fiber production, are likely to de- 
termine the preferred process in the future. 

Ontical Fiber Bandwidth 

Step index multimode' optical fibers, such as sh^wn in Fig. 4(a), 
with relative index of refradtion difference A = 0.01, have a band- 
width distance product of about 10 or 20 MHz. km. The bandwidth 

—1 

distance product of such fibers is in fact proportional to A 
The relatively small bandwidth of such fibers is due to the differ- 
ences in path length of the different ra.ys supported by the multi- 
mode guide. In 1964 , S.B. Miller [19] made the important proposal 
that the refractive index be graded, as in Fig 4(b) j to reduce 
intermodal dispersion. By proper choice of index prof- ils ( a- near 
parabolic profile) the maximum bandwidth versus wavelength is pro — 
portional to A • Since A is of the order of 0.01, a very signi- 
ficant increase in bandwidth over the step index case is possible. 
However the bandwidth is very sensitive to the index profile, that 
is,, small distortions greatly reduce the bandwidth. In addition, 
the bandwidth versus wavelength 'curve is very sharp- (see Fig. 5«), 
and the location of the peak depends on the dop.ant concentrations . 

“Ihese sensitivities have made it difficult to repeatedly achieve 
bandwidths close to the maximum theoretical value of multimode fibers 
in production. -Figure ,5 shows the' bandwidth versus wavelength 
characteristic of the -champion -multimode fiber which had tho largest 
bandwidth yet attained [20]. This fiber was -made by the FAB process. 
However, in production it has been difficult to consistently attain 
liigh bandwidth with the VAD process, due to the difficulty of con- 
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trolling the involved aerodynamics. This may rosult in the 7AD 
-process heilig used principally for SM fibers (and perhaps low-hand- 
width multimode fibers, that is, ^00 MHz. km), since the index 
pfofile is le-sS critical for SM-fibers. 

Based on manufacturing results reported to this date, high 
yields > 90 %) of mult imode' f iber with bandwidths of more than 1500M 
km. have not been obtahied with any known process. With the shift 
of systems to. the long wavelength region and the consequent reduc- 
tion in loss, bandwidth becomes the factor limiting the repeater 
spacing of multimode systemis. This is the case even though mode- 
mising, that is, the exchange of energy between modes 'duo to fiber 
nonuniformities, results hi bandwidth decreasing with fiber length 
(L) more slowly than 1 Nevertheless, the need for greater 
bandwidth leads to the use of SM fiber, such as that shown in Fig. 

, 4(c)^ In the wavelength range in which the fiber supports a single 
mode,- intermodal -differential deleys are eliminated, 'Fib'-'r bandwidt 
becomes dependent on vragoguido dispersion and material dispersion, 
a_s ,weii as optical source bandwidth. In the wavelength region wher 
material dispersion and waveguide disp-^rsion essentially cancel one 
another, fiber bandwidth can be extremely large. Furthermore, with 
an appro pr iaj;,e phcice of core diameter, profile shape, and£i,, the 

’zero dispe-.-sion^ crossovor can be controlled such that production 
fiber bandwidth 'remains high at the selected system wavelength. 
Figure shows a depressed cladding SM fiber. One of the advan- 

tages pf this f ioef as tnat tne required ^ value can be attained wi 
a lower dopant concentration, and hence a lower Rayleigh scattering 
Ipss.Figure 6 illustrates a quadruply clad fiber which has <2 ps/nm 
km dispersion in the entire wavelength range between pm [21]» 

Such a liber is well— suited for simultaneous transmission of H^ny 
wavelengths (wavelength division multiplexing (WDM)). 

mY-Siqal stre ngth of Optical Fiber-a ■ ' ^ • 

In the early 1970’s, just' after the announcement of tho first 
low-loss optical fiber, the physical end chemical properties, of 
.fibers received much 'increased attention. ' Until that time, most 
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of ■fch.c' rGsearcb. oa the strength of glass fibers, and the achievorents 
Eiadn, related to fibers in the n'illiineter to few cent icietor length 

range* Cable and manux acturing enginc'-rs changed all that by 
telling their ceraDiist and metallurgist colleagues sorjething liksy 

It 

I^ve got to ma,kQ cables in kiLoirir' ter lengths. I need to 
know and des3g:u for the Piinlmum strength /strain capability of kilo- 
meter lengths of fibers, not the maximum strength of short lengths J *' 

It was already well known that glass fibf=rs under tension be- 
have nearly like linear elastic solids until a critical stress in- 
tensity for the material is reached [22], at which point brittle 
failure occurs. The stress intensity is highest at crack tips of 
flawsj hence fiber strength depends on the flaw distribution. The 
distribution of flaw size depends very strongly on the material and 
processing history of the sample, anid conseq.uently can have a large 
r'^nge [23] • Figure 7 shows the strain capability of high— silica 
fiber versus the maximum flaw size. The maximum flaw size alone 
(weakest link phenomenon) determines the fiber strength, and sijneo 
the maximum flaw size will increase statistically with the length, 
it is clear why measurements on short lengths provide little infor- 
mation on the strength of long fibers. From the figure ife can be 
seen that the maximum allowable flaw size to achieve 1% strain is 

of the order of 1 |am. To provide a feeling for what this means, if 
someone took a pristine sample of newly-formed high-silica glass and 
lightly ran their fingors on the surface, the strain capability would 
drop to a^few tenths of a percent, indicating a miaximum flaw size 
in the 5 pm range J 

The foregoing indicates one of the fundamental issues in the 
physical properties of glass, namely, the statistical nature of 
its strength. The second important strength issue, known as static 
fatjgue, is that water can degrade the strength of glass [24]* Both 
of these phenomena are fundamental conseq.uencies of the atomic stru- 
cture of g'l^ss: therefore, they < can be altered in extent, but not 

♦* 

in kind", by. composition and processing changes [23]» ' ' 
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It is noteworthy that high-sHlica glasses, relative to other 
glasses, have very-high tensile strength versus flaw size, as well 
-as good static fatigue behavior. ' That is, the very same 'material 
'-systems which are capable of yielding low-loss low-cost fibers also 
possess the best physic^ properties, nevertheless, optical fibers 

in contrast to metallic conductors -have a statistical distribution 
of strengths, as opposed to an essentially detorminist ic strength. 
The question asked by our cable engineer in the early 70 's was: how 
could one assure a minimum level of tensile stra,in on which to base 
cable design and manuf acture ( The answer, which was and is employed 
in most opt ical -fiber cable manufacturing processes, was to employ 
proo‘f testing [24-26]. In proof testing, every segment of the fiber 
is exposed to a short-term tensile strain test, in some C8.srs in-lin 
"'■■with the fiber draw process. This truncates the fib^^r strain distri 
butioa on the low side and provides the design engineer with a ten- 
sile strain capability equal to or greater than the proof strain. 
Today, typical proof strain values in fiber manufacture arc in the 
- 1-5^’ range. ~ . 

Even if fibers can be drawn with the large strain capability, 
it is almost impossible to handle them directly without introducing 
flaws in the process. This led to the idea of inline coating of the 
fiber, the most successful versions of which have been polymer coa- 
tings. In this process, the freshly drawn fibers are passed througlr 
a die containing a liquid polymer, which is subsequently cured 
thermally or by UY radiation, for example. The central idea is thal 
contact with the. fiber surface by particular matter is avoidedj 
hence, abrasinn- and handling— induced fla-ws are avoided. Once the 
coating has set up, the fihor can be fed over caps tans'y' placed on 
reels, stranded into units, and cabled. 

In order to obtain very-high strength fibers, many factors neec 
to be controlled [18,23,27]: fig. 8 sumn^arizes some of these. By 
paying careful attention to these factors, very-high-strength fibers 
have been fabricated, figure 9 [18] suroma/rizies some of the highest 
fiber strengths obtained to date. The 500 losi (1 ksi = 1000 lbs/in‘ 
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strength which' •' corresponds to about 5% strain indicates a maxi" 
flaw size of about 0.04 pm. She result associated with the light " 
guide see trial-, reported by Runge [28] - that 101 km of fiber in 
> 2.5km lengths had boon assembled and spliced and passed proof test 
of 200 ksi"is particularly significant. 

ch KL ing and. . g plic ing:. 

In the early 1970 ’s there were strong concerns about achieving 
high fiber survival rate in optical cable manufacture. This is not 
hard- to understand for those who have seen the machinery in a con- 
ventional cable-manufacturing plant. Getting ■—100 pm diameter 

fibers through such -processes without breaks seemed to be an incre- 
dible task. It was a very difficult job, but in-line coating tech- 
niques end proof testing provided th-D strf'ngth and handling proper- 
ties required to make cable manufacture practical - 

Another problem ’unique to optical fibers’, called microbend- 
ing was discovered [29,30]. .It was observed that small deflections 
of the fiber axis (in th-' submicron range- pr largc-r) with periods 
of a-bout 1 mm can cause largo losses (tehs of dB/kro) in greded index 
multimode fibers. At tbs time, there was concern rs to whethe'r it 
would be possible to avoid such tiny bends in ca.bled fibers.- How- 
ever, it was soon realized that coating design could play an impor- 
tant role in controlling microbending. Gloge [31] demonstrated that 
hard or soft coatings, and combinations thereof, could be used to 
control microbending. 

iwo basically different cable design approaches were taken. 

In the first approach, tight mechanical goupling exists between the 
fibers and the ca,ble sheath. This approach, which is similar to 
conventional cables, has the advantage that it is easy to match -the 
'fib-^r length’ to the sheath length in manufacture. However, it 
requires tho-t the cable sheath take installation loads with little 
elongation, since the fibers usually have relatively small elongat- 
ion to break when compared to. copper (about for fibers compared 
to more tiaan 20% for copper) . The tight mechanical coupling appro- 
ach led to the use of thick fiber coatings to prevent microbending 
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loss du'e 'to the effects of pressure from -other cable ' -components or 
the fibers. Pigure“40(aj shows the cross section of a tyoical 
c~o ate d f ib - r u s- d in the ' t igh b co nf igurat io n > . The’ dtoeris io ns , 
are domina-ted by the coati/ig and li‘->nce opcical cables with tnis 
tS-pe of -coated fib-^r tend not to be space eff ■i-ci''^nt . A soc'ond 
cable -'dos-ign 'approach places the fibers in loose structures, as 
shoxfn in Pig, 11. Since the fibers arc loose, they need not be 
pressed on fey. other cable m'^mbt:rs, and the inherent fiber stjffne-i 
OBXi present microbencis . Such designs can employ thinner co'-’tings 
as shown in Pig. 10(h). However, manufacture of cabl'-s with loos- 
ely coupled fib:rs requires care to avoid introducing excessive 
fiber length misniatch with the sho?,th length. For exo.m-nle, if th? 
fibers are 'too long' they will tend to buckle and beading losses 
can result. On the oth'='r hand, if the, f ib'-'^rs ' are too shorty thoy 
will brea,k. under tensilde loedjng. Figure 12 ta.kon from [52], 
sho-t'/s a numb'-r of high-density cables (with a large numb'- r of 
fibers per unit cross section). The highest-^ens ity ana lowcst- 
weight fib<^r is achi'='vcd hy the ribbon-hssed cable shown in Pig. 
12(-e), High-density and low -weight /fiber ^ire important cable- 
characteristics" for duct-type installations. 


Figure 15 shotvs the cross section of an undersea cable with 
a tightly coupled embedded core with 12 SM fibers. Added losses 
due to cabling of 18.2 km of this cable were negligible [55] • 

In the early .1 970 's , the problem of finding methods of splic 
fibers loom-d alEiost as large as the problems of attaining low 
fiber loss, adequate fiber strength, and low microbending loss. 
Although a number of different mechanisms can contribute to splic 
loss, the difficulty of the problem can be understood with the he 
of Pig. 14 [52]. In the ca,se of a oiultimode fiber with a 50 pm 
core diamet-r, the transverse offset between the two fibers has t 
be less than about 8 pm to keep the loss below 0*5 dB. Attaining 
8pm alignment accuracy of 2 nearly-hair-thin fibers in the crowde 
dirty, often wot conditions that exist in manholes in metropolita 
area setmied alaiost out of the question. Hot only has this been 
done, but 'much low-' r loss performance" has bVea attained, usually 
in the 0.1 -0.4 dB rhnge. This has been accomplished by clever 
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fijitaring, using a variety of alignment tech.niq.ues such as sleeves 
and Y-groovcs [32]# to butt splice or fusion splice individual 
fibers. Some cable structures which have regular arrays of fibers, 
such as cylindrical V-groove cores and fiber ribbons# lend them- 
selves to ma,ss splicing, that is a number of fibers are spliced 
together s imultaneo'usly. This can avoid handling the tiny indivi- 
dual fibers and spe--'d up the splicing job. 

The splicing taks bccoav-s even more difficult in the case of 
SM fibers. Figure 1 4 . shows that transverse offset nerds to be of 
the order of 1 pm to get low sclice loss. This is one of the 
reasons that SM fiber systems followed the development of multiaiode 
systems. Because of the great accuracy required in an SM fiber 
splice, and because most prentical splicing methods will likely 
require 'active core alignment’, that is, adjustment of the align- 
ment of the two cores to maximize transmission before completing 
the splice, it is- likely that SM fibers will not be mass spliced. 

Both fusion and bonded butt splices of SM fibers h-^ve been reported 
[ 34 , 35 ] with losses of 0.1 dB or less. 

High-strength SM splicing techniques, needed for undersea 
cable, which consistently have- strengths > 200 Kpsi ancl losses of' 
1^0.1 dB# have been reported [35]. 

F ield Experiments and Systems 

In order to establish the f easib il ity _aad practicality of op- 
tical fiber transmission, a number of multmode fiber experiments 
were conducted in the mid 1970’s in Japan, the United States# 

France, the United Kingdom, Italy, and Germany. The first of these, 
which emphasized ca.bliag and splicing, was carried out by Furukawa 
during the summer of 1974., It involved 4 OO meters of 4 fiber cable, 
of which 200 meters was installed aerially, the- rema-ining 200 meters 
was placed underground. Splicing was performed using a sleevebased 
technique. R'^sults ox the experiment were reported by Murata [36,37] 
Optical fiber field trials and early applications iui Horth America, 
Burope, and Japan are described [ 58 — 40]. 
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'i.T&O? Bell Laboratories installed an experimental optical fiber 
trank system in Atlanta in the latter part of 1975 [41]. 'The system 
usee', a 650m, 144 fiber cable that was ■ conf igured in a loon 'which 
passexi through underground ducts. Hence, optical signals could be 
seat through the cable many tines to establish long transmission 
lengths by appropriately connecting different fibers of the cable 
with short jumpers at two single-fiber jack fields. The cable, of 
the ribbon tyre, was mass spliced using 144 floor array connectors 
[42], with an aver'^go loss of. 0.8 dB. A full range of system expe- 
riments was carried out at 44.7 Wo/s, which yielded unrepoatered 
spacings up td' 10.9 kni at error rates of < 10 ^ and negligible 
crosstalk even with mass spliclig. 

•The-, most _s ign'if ic a.nt aspect of tho- Atlanta experiment was 
that, it established the viability and practicality of all asp^'cts 
of optical fiber trunk transmission, including the optical cable 
medium, its installo,t ion, splicing, optical- transmitters and reepiv? 
ers, electronics, optical jack fields and jumpers, .and optic'll sys- 
tem' performance'. pThc success of the experiment led to the decision 
to install- a similar system in underground ducts in the Chicago 
’Loop’ area. The system, which began carrying service in the spring 
of 1977, provided digital video transmission for use with experimen- 
tal 45 ■“I''''fb /s video terminals along with da.ta and voice. 'The ^results 
of this effort lod to the FT3 45j^ffl/s lightwa.vo truokd-evelopment, 
which began in 1978, and to the first standard service in September 
1980 in tho ALtanta-Smyrna area. Miller [ 32 ] reported that as of 
Dedember 1982 more than 150000 km of cabled fibers had been installe 
in association with FT3 and FT3Ci which are AT&T Technologies supp- 
lied lightwave transmission systems operating at 45Mh/s and 90 MB/s, 
respect ivoly. As of December 1983, more than 30000D km of cabled 
optical, fibers had been install- d in what' was tho ..Boll System [43] 
for these s.ame -systems ' and for fib'"'r loop carrier applications [44]* 

The first major field test using optical fibers to. bring broad- 
band services to 'individual residences wasi.the- Hi-^0?IS project [45] 
in Jspaa, which b'ogaa in 1978 . It used LED’s and pi as tic —pi ad ste] 
index glass core fibers and baseband transmission to provide a very 
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"broad r.ange of video services, including two-way video using chan- 
nel selection signals. It involved 168 subscribers and was confi- 
gured to -iielp meet the social requirements and community jaeeds set 
by the Ministry of international Trade and Industry (Mill)*.. 

At this time, optical fiber systems are more than ’interesting 
new' technology ’ . In many nlaces and instances around the world it 
has now become necessary to justify when anything other than an 
optdcal fiber system is proposed for trunk or long-haul ri^ht-of- 
way applications* This is the case in a number of Bell Operating 
Companies, in the United Kigdom and Canada, to nemie a few. Major 
, long-haul routes in the United States include a 776 mile I’T3C route 
along the east coast from Moseley, VA, to Cambridge, MA . n-n'd a 
500 mile FT3C system in California linking Los Angeles and 'San 
Francisco. 

SM system, with their- inherently large bandwidth and longer 
rbpeater spacing capability, are the main thrust in new systems for 
long and short haul applicat ions.UTT in Japan has sponsored, a field 
trial of a 400-Mb/s SM fiber system between Musashino and Atsugi, 
and eO'-km route- -passing through 11 cities with 4 intermediate’ 
repeaters [40]. The system operates at 13^® and uses a cable with 
6 SM fibers, 6 grade d-index multimode fibers (for comparison purp- 
oses), 2 power feeders, and 6 quads. The UTT trial was due to be 
completed in March 1983 and was to,, be introduced into the long-haul- 
network in 1983* Announced plans indicated more than 60 such ins- 
tallations and 90000 fiber kilometers beginning in 1983* 

In addition, both the -United States and the United Kingdom 
havs • announced plaiis for major long-haul routes using SM fiber 
[ 46 , 47 ], and some short-haul systems are already in operation [48]. 

Undersea lightw^^ve systems are being .aggressively pursued in 
the Unit-d States, the United’ Kingdom, France, and Japan. A Deep 
Water Sea Trial of an undersea lightwave system was carried on by 
AT&T Bell laboratories in September 1982 at -a depth of 5*5 km 
[49,50]. The results of the trial include the following; 
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. The- 18»2 km cable, whicb. cojitaiued 12 lo'W“loss h j-gli—strength 
fibers, performed as anticipated during layingj holding, 
and recovery operations. 

" . Brrqr-frae transmission at 274 Md/s was demonstrated «t 

1,3 pm in a'^concatenat ion of 3 r<^generator sprus (a, length 
0 ff 109 fiber km)* signal was looped through the cable 

3 tiroes ( 54.6 km) to 1 underwater regencr'^top, then looped 
2 more times to a secona underwater regeir'rabor ( 36.4 km), 

- from which it passed through the cable 1 more time (18.2 km) 
to a shipboard regenerator. 

'The m'axiroum change in loss due- to tempera.ture , tension, a,nd' 
•pressure was loss than 0*1 dB under all conditions. 

In loverober' 1983, it was announced that AT&T has been awarded 
a major portion of the first transatlantic lightwave cable system, 
known as TAT-8 [51]. The Deep Water Sea Trial previously referred 
to laid the groundwork for, and established the viability of, the 
technology AT&T will employ. AT&T will provide the sogmenfe of the 
system from a landing point in Tuckerton, to a branching device 
off the European continental shelf. AT&T will supply 3146 nautical 
miles (nml) of undersea cable, repeaters, and terminal equipment. 
Standard Telephone and , Gables will supply 279 nnl' of cable as 
well as repeaters and terminal equipment to reach Widemouth, 

England froni the branching pointy Submarcom will do the same for 
the 167 mile .link from, the branch point to Penroarch, Frenec. AT&T,,. 
Communications was given the responsibility for ensuring tho 
technical compatibility of the three parts of the TAT--8 system. 

The system, which is planned for service in dune 1968, is' expected 
.to provide'-ftid equivalent of 40 OOO two-xray telephone channels. 

As a measure of progress in- the experim'ental systems area, the 
’world record for the longest unrepeatered transmission distance' 
in a labora.tory domoastra.tion changed hands , three times Ihst year. 
Early in 1983 a world record of 119 km was achieved at AT&T Bell 
Laboratories 'at a' 420 -Mb/s rate [52]. In . Juiip I 983 , Nippon Tele- 
graph and Telephone (NTT) succeeded -in._ reaching 154 km at 446 Mb/s ‘ 
[53]t in the spirit of 'can you top this', AT&T Bell Laboratories 



PKC-35 


reached I61-km spacing at 420 Mb/s [54] • iliese incredible spacings 
at such high bit rates are not practical today for real systems 
because such laboratory systems do not account for system margins, 
reliability, physical constraints on splices, and above all, costs. 
However, they do signify the trernendous rate of progress being made, 
and it is possible that in a five to ton year period these parame- 
ters will be achieved in commercial systems. 

outlook for the future 

Currently, fiber research efforts are moving to the longer 
waveleng-feh range beyond Cpm, where Rayleigh scattering losses can 
be much lower. Unfortunately, this means abandoning the high-silica 
glasses because of their infrared absorption. A number of material 
systems including germania, fluoride, and chalcogenide glasses are 
under investigation [55]. Thus far, fiber losses have been high 
due primarily to inipurities. Although some of these systems hsave 
the potential ior losses below 0.01 dB/lrni, it will take cons^iderable 
eff ort ' to get down to the 0.l6-dB/km minimum reported for high-silica 
fibers 156]. Even if the impurity problems are solt'ed, there are 
gjgnificant physical-property iaeuas and difficult cost problems to be 
solved before lo'nger-wavelength systems become practical. Never- 
theless, the payoff potential is so large that it is ’well worth 
the hunt ' . ,, . - . 

ether area,s which appear to have significant potential, p^arti- 
cularly for long wavelengths ,■ are coherent tranmission and detect- 
ion. Coherent systems have the potential of .achieving the quantum 
noise sensitivity limlit, however, they require si/igle frequency 
stabilized transmitters and local oscillators. Depending on the 

system parameters and choices, such as bit rate and type of detector, 
improvements in system sensitivity of the order of 20 dB are theoret— ■ 
ically possible (smaller if , a reasonably good avalanche' photodiode 
(APB) is available). Recently, two techniques- have been reported 
for injection locking a diode laser and attaining fullwidth half- 
maximum line widths of less thaja -1G KHz [57].' Using an injection- 
locked transmitter and an HeNe local oscillator to perform hetero- - 
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^'dyne detection, a sensitivity improvement of U dB at 8 iVFb/s was_ 
measured over 125 km of "f iter relative to p^l“n ■ plio to diode « 

Many issues remain to, "be resolved, such as Inser stahility, 
polarization preservation in liters,, and nonlinear propagation 
effects, tut there is reason to te optimistic* 

Much progress has else teen made in sources and detectors.-- 
These developments will further enhanee the ability of the new 
optical fiber technology to do old transmission jots tetter end 
more cheaply than other guided transmission systems Perhaps 
this will eventually lead to the saaie kind of qualitative effect 

that integrated circuits have- had on *• electronic systems, that is, 
allowing society to do things that were inconceivable before the 
transistor and its descendant realizations. But, for a while at 
least. I suspect we will, focus on the quantitative side, empha- 
sizing higher speeds, longer distances, and lower costs. ,I dare .. 
say we will see much more of this in the next 20 years. 

i 

References , ' ‘ 

1 . E. Risterg, ’A History of the Plnnish Telegraph Administration, 
— 1855-1955 > Gen'=ral Direction of Posts and Telecommunications, 
Helsinki', ' 19^. ' 

2. D. Hondros and P, Dehye, 'Elektromagne tiche Wellen an dielek- 
t-rischen draethen', Ann Phys. vol. 52, pp. 465 -476, 1970. ' 

5 . K. C. Kao and G.A. Hockham, "’Dielectric— f iher surface wavegui- 
des for optical f requeue ies 'proc. Inst. Elec. Eng., Vol. il3# 
pp. 1151-1158, July 1966. 

4 . (a) K.C. Kao and T.W. Davis, 'Spectro photometric studies' of 
ultra-low-loss optical glasses 1. Single' beam method’ J. Sc'i. ' ' 
Instrum. ,-voi . 1(ser.2), pp, IO 63 -IO 68 , Nov'. 1968; (h) M.'W* ■ 

Jones and K."C. Kab ’Spectrophotonietric studies of ultra-low-' ‘ 

loss optical glasses II:, dquble heam mietho^d’. ,J. Sci. InstruEi. 
vol. 2 (ser. 2), pp. 331-336, April 1 969 . 

5* P.P. Kapron, D.B. Keck, and R.D, Maurer, ’Radiation losses in 
glass optical waveguides'. Appl. Phys. Lett. vol. 17. pp. 423- 
425 , Nov. 1970. 



PKC-57 


6 , -li'Hayashi,^ M.B."Paiaish. P.w. Poy, and S. Sumski, ’Junction 
lass'ers which, .operate continuously at room temperature’. Appl. 
Phys. Lett. vol. 17. pp. 109H11, Aug. I 970 . 

7 , IE . Li, ’Advances iii optical fiber conimunications: an historical 
perspective. ‘IE3S J. Self=^cted Areas in Coffitnun. .SAG-1 . no. 3 . 

- PP*' 356-372 April 1983 . 

8 '. Private coinH<unicat ion— United States Energy Information Adminis- 
tration, United State Lopartaient of Energy. 

9 . K.C. Zao , ’Optical fibers and systems s histroy and future’. 
Ericsson Rev., vol. 56, No. 3, PP* 92-94, 1979* 

10. R.D. Maurer, 'Optical fiber components: history and future’. 
Ericsson Rev. vol. 56. no. 3* pn* 95-99* 

11. L.B. Keck. P.C. Schultz^ and E. Zimar, 'Method of forming optical 
waveguide fibers’. U.S. Patent 3 737 292, filed Jan. 3 '1982 
issued June 5, 1973: see also ’Method of forming optical waveguide 
fibers, ’U.S. Patent Re 28 029, field June 21 , 1973* issued 

June 4 , 1974- ' ' * 

1 2 . P.C*^ Schultz, ’Fabrication of optical wa,veguides by the outside 
vapor deposition process'. Proc. IEEE vol. 68 pp. 1187-1190. 

Oct . 1 980 . 

13 . J.B. ' MacChesney and P.B. O'Connor, 'Optical f iber f ab ircat ion - 
arid'rcsult ing product', U.S. Patent 4 217 02T, field Feb. 22, ' 
1974* issued Aug, 12, 1980. 

14*. I. ^Izawa and U, Inagaki, ’Materials and processes for fiber" 

■ perform f abricat ion-7a,por-phase axial deposition', Proc. IEEE; 
vol. 68 , pp. 1184-1187* Oct. 1980. 

15* D. Euppers, H. Lydtin, and L.. Rehder, 'Method of producing 

internally .coated glass tubes for the dra-wing of fiber optic ■' 
light conductors’, U.S. Patent 4 145 456, filed lov . 16',-'"U977 , 
issued Mar. 20, 1979* • 

16, (a) J.B. MacChesnby, 'Materials and processes for perform' fabri- 
cation Modified' chemical vapor depos it ion and plasma cheEvical 
vapor depos it ion 'Proc . IEEE vol. 68, pp, t S^-1 184, Oct. 1980; 
(b) S",R. Eagel. J.B, MacChesney, and K.L. Walker, 'An overview 
of the modified chemical vapor deposition (F0?I)) process and per- 
formance’. IEEE J, Quantum Electron. OE-18, pp. 459-475, April 
1982. 


17 


18 


T- - -n ^ PAdsefte' and' J'.R. Merten^ ’Performance;, 
D.P. Jablonowskx, PacigeiP f ^ 

- ‘ - . „„„c! -p.'roduction conditions', 

of the MOTD preform process ir ,mass proaucrio , 

m -u -n^o- R+h 'Ponical Meet. Opt. .Piber Gommun* 

paper TaSS2,,_Pecli. Dig* 5 th lopicai li t' , 

phoenix, kZ AP- — > „ fhe MC¥D Process Rate and Fiber 

S.R. Nagel, 'Recent Advances lii tne MCYN Proc s _ 

performance. •Inv^cd paper, Pourtb Int . Conf. on Integrated _ 

Optics- and Optical Fiber Commun. Tokyo, Japan, June 27-30, 1983.,, 

19. S.l. Miller, 'light propagation in generalized Icns-like media'., _ 

Bell Syete. Tech. J. vol . 4.4, pp* 2017-2o64, Nov. 1965, see also, 

• Waveguide for millimeter and optical waves', ,U.S. Patent 3 434 

774 , filed Feb. 25, 1964, issued M='r. 25, 1969* 

M. Horiguchi^-M. Nakahara, N. Inagaki, K. Kokura, and K. Yoshida, 
•Transmission characteristics of ultra-wide bandwidth VAD fibers', 


20 


Paper 4III-4, Proc. 8th Euro. Cont. Opt. Commun.. Cannes, Trance, 
Sept. 1982. 

21. L.C. Cohen, W.L. Mammel, and S. J. Jang. ’low-loss luadruple- 
clad single-^ode lightguies and dispersion below 2 ps/km nm 
over the 1.28 pm-l65 wavelength range. Electron. Lett. vol. 
18. pp. 1023-1024, Nov. 1982. 

22. G.R. Irwin, 'Fracture', Bncycl. Phys. vol. 6, pp 551-590, 1968. 

23 . D. Ealish and M. I. Schwartz j 'Review of research and product- ^ 
ion of high-strength fib-ers', Proc. Optical Commun. Conf. 
Amstoru-am, The Nether:’ anc'.s . Soot 1979* 

24 . D. Ealish, .P.L* Eey, O.R. Eurkjjian, B.E. Tariy.al, and T.T.¥ang, 
•Optical' Fib f^r Tel‘=commun\catioa „ S <■! « Miller and A.G*Chyh6Weth, 
Ids. pp. 417 - 425 ,, Mew York; Academic Press, 1979* . 

25 . M.I. Schwartz, D. Gloge, and R.A. Eem,pt, Optical Fiber Tele- 
communication, S.E.. Miller and A.G* Chynoweth, Bcis . pp* '435-453, 
New York Ac-ademic Press, 1979* 

26. M.I. Schwartz, P.F. Ga^gen, and. M.R. Sp 4 atana, .'Fiber cable design 
.and characteiizat io.n ' , IEEE, vol. 68, no. 10. Oct.. 1980'. 

27 . D.L. Brownlow, F.Y. DiMarcollo, A;C. Hart, Jr. and R. Huff, 

'High-Strength Multikilometer Lightguides for Undersea Applica- 
tions', post-deadline paper, 8th ECOC, Cannes', F-fan'ce, Sept. 
21-2,4, 1982. ' , , ' 


PZG-39 


28« P'*K» Range. ’101km lightwa've undersea system experiffient at 27 4* 
Mb/s’, Optical Fiber Goaf. Proc. Pkoenix, AZ. April 1982. 

29 . ¥.B. Gardner, ’Microbending ^loss in optical fibers,’ Bell Syst. 

lech. J. vol. 54. no .2, pp. 457-"465, Feb. 1975. 

30* D* Marcuse, ’Microbending losses of single-mode, step— index and 
multimode, paralol ic-iidex fibers ’c Bell Syst. Tech. J., Vol. 55, 
no . 7 , pp. 957-955, Sept. 1976 , 

3 - 1 , D, Gloge, 'Optical-f ib'^r papkagiig and its influence on fiber 
straightness and loss ', .Bell Syst.' Tech, J. vol. 54, no. 2, pp^. 
243-260, Feb. 1975 . • 

32 . C.M. Miller, ‘Optical fiber cables and splices,’ lEBF J. Selec- 
ted Area in Commun, SAG-1, no .3 pp. 533~5 40, -April 1983* • 

35 . ’P.K. Range and P.R. Trischitta, 'light in the depths of the sea 
with FO undersea cable system’. Telephoney, pp. 32-37, August 

23 , 1 - 982 . 

34 . C.M. Miller, G.F. Devau, and M.Y. Smith, ’Low-lo^ss single-mode 
fiber Splices using ulxi’cviclet curable cement’, 4 th Int. Cont. 
on Integrated-Optics and Optical Fiber Oonimun. Tokyo. Japan, 

36 A 3 - 6 , pp. 128-129, June 27 - 3 O, 1983. 

35 . J.T. Krause and O.R. Kurkjian, ’Improved- high-strength flame 

fusion single-mode splices’. 4th Int. Cont. on Integrated- 
Optics and Opt ical, Fiber Com-iiun. Tokyo Japan,- 29A4~6 , pp. ■ 
.96-97, June 27-30.' 1983- • • - - ' 

561 H. Murata, S. Inao, and I. Matsuda, ’Step-index type optic.al 
fiber cable’. 1st European Cont. on Optical Fiber ComD’un. pp. 
70-72 London, United Kingdom, Sept. 16-18, 1975. 

37. H. Murata, S. Inad, Y. Matsuda, and T. Takahashi, ’Splicing of 
optical fiber cable on site’. 1st Bufopean Cont. on Optical 
Fibre Commun. pp. 93“95, London, Unit od -Kingdom, Sept. 16-18, 

1975.. ’ 

38. J.S’. 'Cook and O'il. .Szontesi, ■ ’North Anierican field/ trails and 
early applications in telephony ' IBES J. Selecte^d'- Areas in 
Commun. SAC-1, no. 5, PP* 393“397, April 1983.t" r 

39 . A. Moncalvo and F. Tosco, 'European field trials and .sari y 
applications in telephony’. IEEE J. Selected Areas in Commun. 
SAC-1, no. 3 . pp. 598-403- April IS 83 . 


PZC-40 


40. H. "Ishio, ’Japanese field trials and application in telephony’, 
I3E3 J. Selected kre^s in Gommun. SAO-1 , no. 3 pn* '404-41 2‘, 
/iPrH 1983* ■ 

41. R.S. Kerdock apd D.H. Wolavel, 'Results of the Atlanta experi- 
ment ’."Beil Syst.-Tech. J. vpl. 57) no . 6 , pp« 1857—1879) July- 
August, 4978. , 

42. O.M. Miller, 'Fib^'^r optic array splicing with etched silicon 
chips', Bell Syst. Tech. J. vol . 57) no.1, pp* 75-99 • Jan. 1978. 

43 . Private Communication 

44 . P.P. Bohn, M.J. Buckier, and T.h. Rao, 'Bringing lightw'^ve 
technology to the loop, 'Bell lab Rec. pp. 6-10, April 1983. 

45 . Z. Sakurai and Z. As.atani, »A review of broadband fib-r system 
activity in Japan, 'IBBB J. Selected Areas in Commun. SIC-I, . 
no. 3, pp* 428-4^5, April, 1983. 

46 . I. Jacobs, 'lightwave communications in the Bell Syatem-1982 
and beyond'. 6th Topical Meet. Optical Faber Commun. Tech. 
Digest. p.80, Feb. 28-Marc, h 2, 1983, also Recent Developments' 

> in Fiber-Optice Coffimun. Seminar sponsored by the IBBB Communi- 
cations and Computer Societies, Bow York Chapters,' pp.1-4, May 
12, 1983-. 

47. J.13. Midwinter, . 'Optical fiber systcp''s; lew-loss links', IBBB 
Spectrum,- pp.- 45-47, March 1980. 

48. H. Sinnreich, B. loytty, and Z. Zamiyama, ' Adv.antages of single 
mode FO systeais for siiort-hault links'. Telephony, pp. 32 - 36 , 

‘ Zo-v.21, 1983. ■ 

49 . S.M. Abott,' R.B., I’agner, and P.R. Trischitta, 'SI undersea 
lightwave system experiments', IBBB Conf. on Commun. 03.5*1*, 
pp. 695 - 697 , Boston, Ml. June I 983 . 

50 . I’.Z. 'Runge and P.R. Trischitta, 'Future unders.ea lightwave 
communications system,' Signel, pp. 30-35, Juno 1983. 

51* AT&T Contract, Mew York Times, p. D-4, Mov . 17, 1983.'' 

52 . ¥.T. Tsang, R.A. Logan, M.A. Olsson, H. Temkin. J,?. Vander" 
Ziel, I. A. Zaminow, B.L. Zasper, R.A. Link©, Y.J. Mo-zurezyk, 
B.I. Miller, and R.B. Wagner, '119-kra 420 Mb'/s Transmission 
with 1.55 pm Single— FreO-Ucncy laser', Topical/Meet on Optical 
Fiber Commun.- post-deadliiie paper PD- 9 . Feb. 2p-karch 2, 1983* 


PE;e-4i 


53. »NTT achieves longest optical fiber transmission*. The Japan 
Times, July 1, I983. 

54. B.l. Kasper, R.A. links, J.C. Gampbell, A.G-. Dentai, R.S. 
Vodhanel, P.S. Henry, I.P. Kaminow, and J.S. Ko, *A 161.5 km 
Tra.nsmiss ion Experiment at 420 Mb/s*. 9th European Conf. on 
Optical Commun, Geneva, Switzerland, Post-deadline- paper, PB 

7, Oct. 1983. 

55. S» foshida and H. Murata, ’Infrared optical fibers, optical 
fibers and devices’, Japan Ann. Rpv. in Electronics & Tele — 
comamn. vol.5, Amsterdam, The Netherlands; Nort-Holland, 

1983. 

56. M.G. Blankenship and C.V/. leneka, ’The outside vapor deposition 
method of fabricating optical waveguide fibers'. IEEE J. 
i^uantum Electron, OB-18, pp. 1418-1423, Oct. 1982. 

57. D.M. Smith, ’Coherent monomode optical systems in the 1500 nm 
waveband’. 4th Int. Conf. Integrated Optics and Optical 
Eiber Commun. 3003-1 y Tokyo, Japan June 27-30. 1983. 










t" 

03 


O 


0 1 



o.e ' o.s 10 1 ? -1 '1 . t 

"W A V F i ^ *' » »' H ‘ tJ 
F/g, less siT^ecimm of b 


p.-.. 



a' 


Fig* 5* Buit^wMih $pBCtmm of a 

muilimci^0 fiber made fey Iho V^D pdj. 



Oi&PEH: 



« 12 13 14 15 '16 , IT r.AM. '- 

WAvetmTw ifimi ■ r ■ •?, . 

fig- «• ChremaSe-dltpenfoi* speetn of SM tibam. Tha 
^ashaa eom raptesanfa a eontfenthnal atap^ntiaxfhm;^, 
th» solid eune Is the moasured dlspanitui ef att'dxparf*/ 
maettBl quadfaplyclad Ubar wiift a profiia aa altowfiin lise 'i’ 
upper right comar [if], ■ . 


« CLEAN raCfORM FROCESSfNO 


« Him (KIAUTY STARTiNS TUBE 


• CARIfUt PREFORM HASBLfSO 


• PREFORM FJRE POLfSJj 


• CLEAR FfiRRACE HFAT SOURCE 


PARUCIE-FREE ORA'iV ERViRONMEKT 


• URtFORM HIGH QUAUFV COATlHfi 


MCVDREUTEfi 


• CONTACtlESS CCATfNG APPLICAIIOS 
Pig. B. Migh-sfrengtt) MC’/B tihmr process psrttnelara 






ffg. If. t€»s« com tiruelurot: (»} toot* tabt; fttf teose 
Ofdndrkaf tlnictum, ,'e} toatt ribbon |32/, 







COPPER 


DENSITY ' 
POLYETHYLENE 


' • ? J-, .ij 

ELASTOMER 


\ STEEL 
. STRAND 

\oRE ^COPPER-CLAO 

STEEL WIRE 

Uiiammc$bkt»‘&0ttcaut^m»b9^(i^flboteon^J. ■ 


mOUI^K 












cr, I ‘‘' 

J^ff0 


-■ T -. I $tmL£ mode";,- : ' 

' '/•; / F'9«, r-..; -'. . 


--tHEORT 


^HYLOfil 


^Fiseit 


V^ULTIMOOE 

r}fiE« 

itf^GAUSStAN 
SPLiCE NIOOEi 


TftANSVEIISE WrSEt t^f»> 
mii'$pHc0 h$i f# i>K!i## |Sf|. 







PZG-42 


(for E'^styJ-ct-d Uso only) By St':war, 4 ,^^-_Mill''r 
(Proc.) I33B, Oct. 1980) 

0TSRTI3W 0? TSLBCO>1I®NIGAE.‘i0i’fS VIA OPflCAL FIBSES 

' • ' . 

light-waTre transroission iif a glass -f iter 'tra;nsmiss.ioa, medium 
lias reaolied a fully commercial stage j ■witli ‘Cari*ier wavelengths in 

the 0.82-0.85 m region/ Second generation ..systems will op'erate 

with ‘Carrier wavelength in , the 1.2~1.6, jim, region where high silica 
filers have more attractive loss and,.''&iepers ion characteristics. 
Research ciOhtift.UvS. at, a high lo'rel^nd will. 'lead to continued rapid 
evolution o'*' lightwave systems. 



X ig ht w ave telecpnimunication systejtts-usjing.. glass fiber. g,iLidss 
are now being manufactured and installed on a regular commercial 
basis. ‘Ihe era of experimental and trial installations appears to 
be near an end, and customers are ready for standard commercial 
offerings. • 


Cables containing phothn flow in glass, fibers are superseding 
cables containing electron flow in copper pairs or coaxials. App- 
lications are to undersea (intercontinental) communication systems, 
to domestic intercity systems, to metropolitan are trunking systems, 
to feeder links in the subscriber loop, and to on-premises or local 
links such as data bus in comparers or switching machines« The 
breadth of these applications of optical fibers was anticipated in 
early reviews appearing in PROCSCDJiJGS OF THE IBBl [1]~[3]* The 
rapid evolution from research demonstration to commercial service is 


in part a reflection of intensive work in many organizat ions overseas 
as well as in the U.S. In part, it is also a ref elect ion of the 
intrinsic soundness of the new art. Early field experience with 
fiber-guide systems in England, Japan, and the U.S. yielded essent-' 
ially trouble— free ^^perat ion and une 3 C|) 8 ^Qtedly few ’problems’. 

The driving force for putting f ibsrsYintp long-distance system! 
is low transmission loss and attractive bandwidths. Installed 


cables have shown losses in the vicinity of 4' dB/km at wavelengths 
near 0.82-0.85pmj laboratory samples of spliced but uncabled fiber 
of 30 km or lons:er lenxrhvio -i--. 
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1.3 |im, and system development olDjsctives are less than 1 dB/km 
installeo.- Bor vne muitimode flBers '0.o^fT bein^ produced, dispersion 
limits i-jould permit a bit rate of 50 Mbit/s for repeeter spans of 
at least 10 km* larger bit~»rate distence products should become 
feasible. Bor single-mode fibers a bit-rate distance product of 
160 G-bit km is feasible (from the standpoint of dispersion) for 
a laser system near 1 .3 p.m. These numbers are reflected in so 
much lower repeater costs than for wire-pair or coaxial systems 
that the system economics for light wave is very attractive based 
on voice traffic alone, and wide— band services would increase the 
attractiveness . 

The Bell System is installing a standard metropolitan trunk 
system in Atlanta (45 Mbit/s), has committed a 6 OO + mile longhaul 
system between Boston and Washington, DC, and has under exploration 
a transatlantic cable system targeted for serv^ice in the late 
1980’s. Plans are being developed in other' countries. 

The key new components needed 'for light— wavs systems are the 
fibers, the carrier-wave sources (lasers and light -emit ting diodes - 
(LBD’s^, and the light detectors. 

There are four processes for making the fibers that are likely 
to be used commercially t Corning Glass Works made the first low-loss 
fiber using a process called outside vapor-phase oxidation (OVPO), 
and they are still proponents of it. . Bell laboratories .invented 
the modified chemical vapor deposition (MCVD) process which was 
widely adopted by others and which produced very-low-loss fibers* 
lippon Telegraph and Telephone Public Corporation has recently 
shown that a process they extensively explored, called vapor— phase 
axial deposition (YAD), can' also make very-low-loss fibers. These 

three processes all make fibers whose composition is mostly Si 02 

with relatively small amounts of Ge, P., and sometimes B as dopants 
to alter the index and to lower the working temperature soro.ewhat 
below that for pure Si 02 « I!he fourth process, extensivly explored 
by the British Post Office, uses mult icomponent glasses of much 
lower working temperature so that drawing from a crucible is 
feasible. The latter has the capability of being a truly continu- 



PE;G-44 


ous process 
lo'w in cost, 
and 7AD make 


and, if the pure starting materials hecom'^ suitably 
may prove the least expexisive. Currently, MCVD, OTPO, 
the lowest loss fibers, and all three can also make 


wide bandwidth fibers <. 


Fiber“suide cable design differs in detail from me tallic 
cable design because glass has notably different mechanical proper- 
ties than copper, and b-cause the fiber develop? excess loss 
(called microbending loss) if it is distored a,t po in tc separated by 
the order of 1 mm longitudinally. Pressing against a rough surface 

could do this, for example. Nevertheless, by careful eiiginccriiig 

many of the cable companies are findjng viable designs. Similarly, 
splicing and making demountable connectors are- new chall'^nges that 
are being met with field-viable solutions. 


Sources for light-wave transmission are an interestjng ana 

complicated challenge. Seaiiconductor lasers and LED’s are tho 

dominant .candidates for fiber-guide transmiss ion, but withjn thet 

scops there, are numerous options. Lasers are ideal and worth a 

premium pricer because "they couple pow?r more 'eff ipiontly into 

the fibers and because their narrower spectral width reduces the 

■ ■ ' r;- ; 

effect -of the intrinsic chro'siatic dispersion of th^ silica fibers. 
Present cpmmerci^ systems- for mstropol itsi-n ’area trunks use 0.82- 
0.85 pm lasers. Ldager distance systems are also planned with 
laser sources. LED’s are adequate for’ d&'t a links and are already 
extensively used. Longer wavelength' LED'’ s can also take on major 
transmission roles. l^Jhereas at 0.. 82-0 .85 pm wavelength, the LSD 
fiber combination yields chromatic-dispers ion-i imitod systems to a 
bit-rate distance,,- product of about 100 I>fbit-km, the second gencra- 
tion_LBD-f iber systems near 1.3’ pm wavelength permit a bit-rate- 
distance product of 2000 I-Ibit km due to the minmal chromatic 
dispersion of SiOg near I .3 pm. The laser-LED comparison takes on 

another ^dimens ion in the subscrib'^r loop application. The environ 

I r 

menfc,al temper^^ture range encountered by el<-ctronics used in the 
subscriber loop ..is large — which can be aocomEiodated eas^y by 
LED.’s but is drifficult for lasers. Lasers have an emission thr?" 
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shold which 4s intrinsically teffiperaturs sensitive, leading to a 
need for circuitry to automatically adjust the driving current. At 
the present state of the art, this also leads to shorter device life 
at the higher temperatures, iflaat emerges is a future in which hoth 
jjBD’s and lasers will he needed, hut for different applications. 

Purthor laser research is needed not only to better control 
device life, hut also to achieve a source with output in a single— 
transverse and single— longitudinal mode throughout the device life. 
Only 'with such a device can the Si02 fiber's lowest loss regions 
near 1.55 m he used most advantageously in very high hit ri'te 
systems. 

Detectors for first generation 6.82-0*85 jim systems 3 ,re based 
on established silicon technology, and avalanche gain is advantage- 
ously employed. For the I .3 and 1 .5 p.m regions, very satisfactory 
P“i~h detectors have h'-en made in the laboratory using InG-aAs and 
InGaAsP. There are excess-noise difficulties (probably fundamental) 
when attempting avalanche ga,in in th<=s6 materials. The preferred 
form of receiver appears to be a p-i-n detector followed by a low- 
noise GaAsFFT preamplifier. 

Getting the n^'w materiel systems InGaAs and InGaAsP into 
manufacture for lasers, LED's and detectors is one of the principal 
pacing elements in bringing about com-mercial utilization 'Of the 
attractive- long wavelength region. 

The applicatjons of fiber light guides in apolications o;fchsr 
than conventional traasmissioa are often driven by other, virtues 
of the fjtber waveguide. In computer liiiks, for example, the advan- 
tages are freedom from environmental electrical noise, small size, 
and of course broad bandwidth. Here fiber cost is not critical but 
device cost must be very low, reliability high, and digital error 
rate in the lo""”’'* region. Although laser-based configura- 

tions have received the atost attention, LED device performance 
seems closer to aieeting the requirements* 

In Japan, the use of fiber for electric power system super- 
■^ision, control, and protection has reached the oon^mercial stage. 
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HcT^ tlio s:^9 ’fr^sdoin fron\ iAdu.c-’feioii and no iso 

due to the insalabing nature of the medium* _There are 35 lent of 
system in. place with 20 +km planned* These users^-oall fdr'^stand** 
ardizat ion' of fibers and conncctor^S to facilitate cooim'^rc i?^l growth 

. ' 't 

In the suhscriber looj>. so-mo analog light-wave tr^^asmisBion 


has htea usedj because the fib'r link 'is coinbined with other 
aaalog traasfiiissioa systems the -chit '^of digital terr^inals' is 
often not justified, for th- longer term, however, the- conf igura- 
t.ion.of choice is likely to be digital transmission on feeder links 
from the central office to remote interfaces where some form of 
multiplexing or switching is likely to be used to allow a plurality 
of customers to use the large transmission cap-'-oity of each fiber. 
aM^oj^l^w Ms% ^g^^^ si^^tro^ic^aM'^memofy^^wilx stimulate no- 
vel useful transmission-switching conf igurat ions . lhere_ also is 
needed innovation on the part of l^he .business community to make 


use. of the new b'ro ad-band possibilities. The growth in 'broad 
band*, which almost cert a inly .-will occur at some time, will involve 
changes in people’s living habits, Al'though the consumer will be 
the final arbiter of the attractiveness of 'such changes, the busi- 
ness community will play a key role in offering n^w service possi- 
bilities, The subscriber loop is the place where this act ion is. 

- Against this backdrop of fluidity in the period ahead, suitable 
characteristics for the telecommunications facilities are adapta- 
bility and flexibility. 

Military organizations find fiber-guide transmission attrac- 
tive for telecommunications and as elements in special apolications 
For telecommunications, it' is savings in weight and cost that 
fibers offer as compared with Conner cables, along with freedom " 
from electromagnetic interference in congested sa'V'ironments . • ' ' 

Examples of specialized applications include hydrophones, rotS'"tio^ 
sensors, acceleration sensors, and (speculatively) even a commu- 
nication’ tether for a guided missile. 


Ionizing radiation increases the loss of silica fibers, by 
amoun'ts raagiag,.fromcm'aay thousands of decihlcs per k'ilometer 
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witbin a rpillisecond of severs exposure to a few decibels per 
kilometer, ten or more seconds aftfr exposure. In this respect, 
pliotons in fibers are less rugged than el-ctrons in conductors. 

The various eommunioat long uses of fib'^rs require laser or 
lilD powers no more than a f*=w milliwatts, and at that power level 
the fibers are linear. At powers of th? order of lOO mV, single-aiode 
fibers bogih to show nonlin~9rity~self-^phase modulation^ stimulated 
liaraan scattering, and St.iifllilsltdji Briliouin scattering are possibi- 
lities. Bor multimode fibers a laser potj-r of about 2*5¥ marks the 
onset of nonl in'^arity * Such power levels can he gen-ratedj x^h^re 
linearity is sought, they must bo avoided. There may be the 
possibility of taking advantage of nonlinearity in future novel 
CO nf igurat ions * 

The forward momentum of research as well as development of 
light-wave technology is great# The feasibility of using what has 
been called integrated optics in building multiplexing circuits 
for single-mode (and single -polarization) x^ates has been demonstra- 
ted in the visible wavelength region, and early realization of sin- 
gle-mode polarizat ion-independent circuitry is expected. In this 
work lithographic techniques, analogous to those used in electronic 
integrated circuitry but including innovations needed to m'-'-et the 
requirements of lightwave circuits, have been created to make poss- 
ible development of complex light-wave circuitry for future light-w 
wave systenxs. Other work strives to combinp light—Ejave detectors 
or sources on the same substrate with their associated electronic 
devices— i.e . , preampl if i'^rs or drives j here the lithography is 
straightforward hut the semiconductor device work is nex-;. Still 
farther in the- future, the building of both electrical and optical 
circuits in the same substrate ( InG-aAsP on InP, for example) may 
become feasible, leading to monolithic iategra-ted electrical-oot ical 
circuibry XAj-hich intermix photonic and electronic effects. Finally, 
the application of nrw memory and large-scale integrant ion circuitry 
to fiber system, manufacture, and charact-^rizat ion needs is certain 
to sustain the rapid evolution of this fascinating art for the 
indefinite future. 
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THS USE 01 IIBBE OPTICS lOR COiam^ICATIOUSa lfIEASl}EEI.!3UT AKD (TOWTROl 

wiTimrHiGHT^ggiGr'g^^ 

PTTROPUGTIOl 

One of the most important req,nirements of the ideal communi- 
cations medium for high voltage environments is .the ability to commu- 
nicate between points of high potential and points cef lo'w potential - 
Yfithout being susceptible to injected noise or dielectric breakdown. 

In High Voltage (HV)j Extra High Voltage (BHV) and Ultra High Voltage 
(UHV), substations, Electromagnetic Interference (EMI) - Radio 
lreq.uenoy Interference (Ell), and ground mat potential differences 
cause problems in collecting reliable > accurate high speed data using 
metallic cabling. As the nameplate ratings and the voltages increase 
the requirements for quality and quantity of data collection and anar- 
lysis increase. To meet these data requirements sophisticated mini and 
and microcomputer based Povver System Control, Protection and Super- 
vision Systems are used (1,2,3). 

It appears that adaption of novel optical teclinologics to provide 
communications systems using fiber optics could provide (a) the 
required electrical isolation and freedom from injected noise, (b) 
faster and more reliable data transfer and ( 0 ) reduction of overall 
costs. 

This paper provides an overviev/ with .various systems employing 
fiber optics in high-voltage substations-. The overview is divided 
into throe major sections: (.1.) Communications (2) Moasurement and 
( 3 ) Control. Each discussion invliados possible advanced design 
c ons id e r ct i ons » 

. QjOmUHIOATIOHS 

This section deals -with communications as it relates to conventio- 
nal point to point data, voice or video interconnections using 
"Proe Space” optical or fiber optic links. 
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In tho begining it was of interest to sec the feasibility of ' . 
usiiTg '^Pree Space” optical linhsfor video and dafca cransmission# 
Ihree such system^ were bought' and tested. The first was a IiED-drivcn 
data set used to couple multiplexed data from. the substation yard to 
control house. The second was a 5 I'SIz video link employing PM modu-i 
lation of a HelTc laser(4) . The most recent was a laser diode loK 
bit system# Bach has its uses, however, poor visibility wilLkaock' 
this type of system 3ut . With tho advances in fiber optic systems, 
the 'free space approach has lost some of its appeal • 

The following discussion on fiber optic link has b:,cn divided 
into four parts: (a) High voltage to ground (or high voltage), (b) 
test trailer to transducer, (c) relay he use ..to control hauso and 
(d) control house to power house « Tiie first is probably only possib- 
le using fibers as previous attempts at using radio fi-equencies were 
not too reliable. The latter. three take advanta.ge of _ fiber optics 
portability (very low v/eight), immunity to EMI/RPI and ground mat 
potential differences, high bandwidth, low installation costs and 
long distances between repeaters » 

High Voltage to Ground (or High Voltage) O o mmunioations 

Piber optics have been used in high speed (six cycles or l^ess) 
series capacitor insertion schemes. The first devices installed 
•were control up-link only* In 1976 a more sophisticated device was 
designed by HOKIA of Pinland and installed in a 500 kV line compen- 
sation station 05 Hot only was an uplink capacitor bypass command 
channel provided but also 24 (time division multiplexed into three 
downlink fibers) channels were provided to a ground based converter. 
Convent iOiial coaxial cables y/ere connected from the convertor to 
instrument at ion in the control house. These channels provide infor- 
mation on the status of nine protective relays, seveg. breaker status 
points, xive signal and power supply checks, one relay and channel 
continuity chock, and tv/o analog measurements of current ohaanols. 

In addition,, three uplink optical chatuiels wcre_includcd to provide 

multiplex address commands to the capacitor platform. This system 
is still in service » 


PKC~5 1 


BPl lias reoGiitly installed, for test, a Westinghouse Z-xxO^^ (2inc 
Oxide) non—lincar resistor on ono 500 kV capacitor platform. Its fun- 
ction is- to absorb and dissipate high energy transients that could 
otherwise destroy ono or more capacitor sections* Ho'wevcr, if the 
resistor itself is in dai'^er then it, along with tho series c.apaoi— 
tors must bo bypassed. Bor this test, BPA designed, built and 
installed an energy monitoring device that integrates the energy stored 
in the resistor and issues a bypass command if the resistor is 
danger. To do this it was neoessary to measure the current into tho 
resistor (using a conventional GI) and transmit that information to a 
microprocessor located in the control house. Bor that task a 4y3haiinel 
525 meter Ioy/ loss fiber link using voltage to frequency— frequency to 
voltage conversion was designed. It was unique in* that +0.1 full 
scale do to 5 KHz accuracy was required. Ihe three additional channels 
provided one voltage and two other current test readings. Ihe capaci- 
tor platform was tested under system fault conditions, met design 
requirements and has been in service since late 1978. Other links 
are being designed for other platforms. 

lost Trailer to Iransducor Gommunications 

Using tho Same modulation technique and similar equipment to that 
described in the previous disci:!Ssion on capacitor platforms, EPA is 
proceeding to redesign tho communications links to and from its por- 
table test trailers . Previously, heavy triax cabling T/as used resul- 
ting in (a) difficulties 'in laying out tho cables which attach to 
various precision transducers located throughout the high voltage 
yard and (b) problems of ground isolation-. Ihe ground differentials 
may exceed several thousand volts during fault conditions, which com- 
bined with induced EMi/EBI cCupliiig, pose problems with accurate data 
collection and interpretation*. Ghalsging over to fiber optics and 
utilizing batteries at the transmitter sito, in addition to good 
shielding of the transmitter, eliminates the problems 'with ground 
differentials and induced EMl/RB"!. Biber optic cable reels weigh 
only pounds as compared to the hundreds of pounds .for triax-l thus, 
storage facilities arailaydown times are minimized. Two different 
systems aro in the planning stagOy both at +0 .Inaccuracy 5 one \ 7 ith 
a response from dc to 40 KHz and the othc r to 5 MHz.- Iho interface 
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units y7 i 1 1 be designed tc..allow for a V'^rietj'" of inputs • Inputs 
include Capacitive Potential Transformers (CPT’s), Current Trans- 
formers {0T*s)j ViTirewound Potential Transformers (PT*s)j pressure 
and temperature transducers, etc. The ability to run the fiber 
optic Cables directly to high voltage areas is an advantage not 

, A 

possible with the triax cables • 

BeXsy House to Control House Gommunicatio is 

Substation ‘cable tunnels and ducts between points within the 
switchyard and the control house,, can be fairly expensive. Piber 
optics with their inherent ability to comraunicato at high baiidwidths, 
while requiring very little space, are expected to significantly 
reduce these expenses. 

BPA is using sophisticated minicomputer based system to handle 
large quantities of station events data*- If remote multiplexers 
located in relay houses in the yard arc used, fiber optics can pro- 
vide noise immune links to control ■ house Substation Integrated Qbn~. 
trol Systems (SICS) with much less oostly ductwork. BPA has experi- 
enced no major problems in pulling fiber optic cables through exist- 
ing ductworks as present day fiber cables ar© very well constructed* 

Control House to Powerhouse Communications 

BPA substations are often located. near the hydroelectric power; 
houses or thermal generation plants « Large quantities of secure date 
arc needed to and from these power plants . The more common data links 
have been hardwired multiconductor cable and microwave communications 
systems. The cables, at times, are plagued with noise and large 
ground differential voltages. They are also bandwidth limited, ex- 
pensive and very difficult to install. Microwave links, without 
reflectors, are line of sight only and are subject to frequency spec- 
trum availability* Incorporating fiber optics would allow for nearly 
unlimited bandwidth groYrth, ease, of install et ion and freedom from 
noise and- ground differential voltages* Repeater spaoings of up.' to 
32 IjM are feasible* Cables with internal strength members (messonger) 
are available for overhead routing •> 
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Phis topic_is probably best ffiaparaiod into two ports i (a) Active 
(light source an® electronic modulption at tho measureraont" si^c) and 

Optically p'^ssive (exclusively dielectric at the measuremerit side) 

Measurement Using Active Transducers 

One of the first systems using optical waveguides at BPA was the 
Allis-Ohalmers “Traser”' current transformer* Phis unit was tested in 
1963 and was designed to raeasui'e current on a 230 kV bus. Using a 
toroidal winding around the bus, a small representation of the line 
current was used to freq.uency modulate a light Emitting Diode (LED) •- 
Phis lED was close-coupled to a rigid, cladded glass rod 'which was 
dielectrically connected to a phototransistor and demodulator some 
six meters away at ground level. Phe overall concept was sound, how- 
ever, in the event the line was faulted the power supply, whichr relied 
on the bus being energized, could not become useful in time to enable 
the modulator to provide adequate information to link protootion re- 
lays. Phis Was a serious problem. It wasn't until 1978 when Wes-ting- 
house, under EPEI funding, installed for test a modified adaption of-' 
that device iii a BPA 500 kV facility for evaluation purposes. Phis 
device had a startup time of loo pS on better (which is fast enough 
for adaquate protection), utilized Analog/Digital (A/D) conversion'^ 
realised a 10 KHz bandv/idth and provided an optical -path using low 
loss, ruggedizod, graded index fiber optics continuous from sit^ to 
control house (300metcrs) . Phis technology is important as it -offers 
possibilities of relief from the usually bulky conventional CP,_pro- 

vidc-s better dynamic current range and froquency-respoh'se . -la- te-rms 
of dollars it means lower construction and installation costs, espe- 
cially as it relates to 1200 kV instrumentation* 

little work hasbeen done in voltage measuroment using similar' tech- 
niques. However, it v/ould T»e quite possible to employ fiber optics to 
eliminate the use of metallic cabling in the same manner. A divider 
(resistive or capacitive) to ground Tfould be required which still 
leaves the problem of a bulky,, expensive support device. Other, more 
sophisticated methods of measuring voltage and current are disoussod 
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in subsequent paragraphs on optically passive devices*. 

Other applications whioh employ fiber optics include HV DG oon~ 
vertor valve control* In such a device an optical system oommaiids a 
positive pulse bo applied to a control- grid v;-hich counteracts the ; 
negative grid bias voltogc . thi^ tr^gcring the valve*- There are a ; 
number of such devices used in the Pacif ic .--Intcrtic j Hh^OOkar DC Conver- 
tor statiOii'&t OeljJLo^ hear Dalles, Oregon* .^so, an experimental 
Hughe s*-dcsigncd metallic return transfer .breaker -irras installed for. 
test at the Celllo DC facility which utilises fiber optics for vol*- 
tage and current measurement in conjunction with conventional OPT 
and Hall effect device transducers* 

Other parameters to be measured within a HV facility may include 
temperature, pressure, positioml status, field strength and gas or 
oil composition or level* It appears that all present methods of 
making these measurements coiiLd be adapted to employ fiber optics 
providing there was power available at the site to run the transducer 
and modulator* If power is not available or not practical,'' c .g *, ■' 
measuring temperature deep within a transformer, wirewound GPT, or 
breaker, then a more novel approach may be to pmv;cr the circuitry 
with light derived power* In one approach, the photorcception pro- 
perties of a lED could be used . Assuming that it is possible to time 
space the transmitted message, an optical source at the terminal end 
(i*e*=, lEDjIB, HeHc Laser, etc*) oould bo used to transmit enough 
power to the site to charge a storage and regulation device* Then at; 
a timed Interval (G*g*, triggered at the absence of the power beam) 
the transducer would send its message via the IKD into the fiber ' 
optics to bo received and decoded at the terminal end- With fiber 
losses very low and responsiveness approaching 0-5 amperes/watt a 
very efficient power transfer is possible. Of course, -using n-sepa- 
rato photodiode and fiber optic channel would also do the task* 

Measurement 'Using Optically Passive Devices 

In -the ideal system no electronics at the mensuromont site would 
be best* The entire link outside the control 'House, including the 
transSacer,. could ^ be dielectric, avoiding the need for power supplied 

shielding and circuit maintenance. In 1968 BPA began looking into 




such an approach^ In 197'^ practical' methods of doing this were des- 
cribed and by 1975 a prototype was designed, onnstructed and tested 

in several 500 hV ac facilities and one +4-00 W DC facility* Ihe 
system was a non-contact voltage measurement prototype system which 
used an electro-optic crystal mterogated by a laser beam* While la- 
this prototype did employ electronics at the site, the dielectric 
sensor was dompletely isolated one meter distant*. Ihc sensor used 
was K DP (Peuterated Potassium D.ihydrogen Phosphate) and ita djeaamic 
optical properties were the result of the Pockels effect* It essen- 
tially measured the electric field and thus the voltage on the bus 
could be derived* Phis device -was designed as a method of detecting 
high speed (200 jOiz to 1 MHz) transients for use in automatic fault 
location equipment and used a digital fiber optic data link from 
yard to corrfcrol house* 

Earlier in 1973 a materials search v/as conducted through ^ contr^-- 
act with the Oregon Gradu-^'-te Center (OGC) — Beaverton,' Oregon* Phis 
contract proved voltage, current and temperature measurement, could 
he performed*. (6, 7)* Phe results was | prototype installed at a 500 
‘ kY facility in 1977 which, using completely dielectric materials at 
the bus level, measured the voltage, current and ambient temperature', ♦ 
Phis was Giiassfied as a "Prcc Space" device (as was the fprmsr device) 
in that interrogation sources and detectors, including analysis eisc- 
tronics, were located directly below, at ground level (approximately 
seven metres from the bus and sensor modulG)* j&;ttempts to integrate 
fiber optics at this time wore not made due to the unavailability ^ of 
proper low loss fiber optics and sourcc/dotector coupling mecLhanics.* , 
However, a protot 3 rpe voltage-, current and temperature measurement _ 
system using long (up to 1 Ml) low loss fibers is being designed aiad 
constructed now (the sensors being supplied by the OGG, the rest of 
the system by ESA) • Pests of the prototype arc scheduled, for early 
1980*- figures 5 and 6 shov/ block diagrams depicting this approach* 

In addition,, a portable B-Fiold measurement device will bo aonstru-. 

ctod to fellow for quick field strength mappiiag instrumentation with- 

* 

in and around energized facilities*. Phis device will employ K'EP, 
however, lithium Hiobate (liNoO^) will bo used in the high accuracy 
( + 0 *1 fi) , high bandwidth (up to 10-lIHz) bus voltage measurement 
sensor* In the current measurement sensor, (same specifications) 
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"tlic PsTsday Gfic-cfc is used \ 7 iljh. a. bfi" ox Hoy?. IR-*5 gla.os (oxigiUBlly 
used in the 1976 free space device)- 

0?hesG highen dsndwidths a.nd accunacics could pi-ovide a mono 
efficient approach to fault locating and some protective relaying -''X. 
schemes. Por example, i//o B modules spaced approximately one meter 
apart coiad provide information as to wnich direction a travelling 
wave from a pov/er line fx>ult y/?iS cemiiig.. Aij prosenc uhis ciccision 
is deductive using other, slower mcthv.;ds . 

Phis- technology of measurement using optically passive dovicos 
couldbe significant in that not only can the devices be made faster 
and more accurate, but will require far less "Bulk” in the support 
structure . In 1200 kV applications this should rcSult in significant 
cost savings. In addition the device could bo included in instru- 
mentaticn plans for compressed g'^s insulation, (OG-I) facilities.* 

Cost savings could be realized by , incorporating many sensor 
modules in the same support -structure, aS'S-hown in Bigurc 7* A 
typical substation distribution' scheme (-breaker and a'.haif) is shomi*- 
Mix optimum system would .allow measuremont. of current on each leg and 
voltage on each section. Using conventional- technology this vrould- 
requirc eight separate structures* With optically ,.p'assi-ye'^lcctro~ 
Optic/Magneto-Optic technology, only two structures would 

be required. Phis provides .redundancy and could result in a poss- 
ible contraction of the physical layout size of a station. 

Pemperaturo measurcixnf is important since the E and H-field 
crystals arc affected by ambient temperature and tliorcfcro must bo 
corrected by feedback circuits or other means . Phere arc various 
methods to optically measure temperature including- rotating another 
field sensitive crystal away from the field axis (null) and optically 
monitoring its change. Phis could also be done using -the same crys- 
tal (See Bigure 9) • Other V7ays include utilizing the natural thermal 
bi-refringement properties of quartz* Phis method will be used in 
the fiber optic coupled B-o/h-0 device (Refer tp Bigure 5)* Phis 
technique was first used in the 1976. BPA free space device (6)* 
Another method inyol-ves interrogating temperature sensitive liqui^; >. 
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oxliibit dynamic optical absorbtion,” In this technique a material ■ 
(i*c*, gold doped rubyj YIG, etc®) is interrogrted by a- Ir'sqr beam, 

The -tomperature change intensity mcdulrtcs the inbound light which 

• j5 » 

is 'detected and linearized ronotly® 

The temperature, measurement device by itseli vrould also be useful- 
in other applications such as HY transformer overheating- detection* 
Eesolutions to 0®-1 °0 are possible* 

Measuring other conditions such as positional status, pressure,, 
liquid level, density, and possibly even gas or oil composition or 
contamination,, are possible* Several ideas are shown in Figures 9 
and 10 to illustrate this point* Figure 9 shows a scheme in which 
pressure could be measured*. Figure 1o shovi's how a 500 W disconnect 
switch could be monitored for positional status* 

GONIROL 

Perhaps a more difficult task than 'the measurement of variables 
is the control of devices* Here the advantage of the" comforts’’' of 
the control house for optical detection are gone and replaced by the 
noisy, dirty H7 environment* -Fortunately-most control functions will 
not require the large bandwidths and risetimes required in measure- 
ment so detection amplifier can be made more immune to noise* 

At BPA, control using optics has been demonstrated in various 
devices including trigger functions on HV AO to HY DC convertor 
valves, (ABIA-1g68) HY power circuit breakers (FbOI 1/2 cycle, 500 kY 
br calmer - 1974) and in insertion of series capacitors at line compen- 
sations/(¥estinghouse l968j ETOKIi 1976) f All such deTioes use 
energy derived from the HY platform to power reception, analysis and 
trip electronics at tho site • 

The design nPP^^oach for optically passive control systems (comp- 
letely dielectric) is not immediately obvious at this time* further- 
more, the use of optically active components for control” does not 
appear practical because of the unavailability of iiLtre*;4iigh gain', 
high power photo— SOE ’ s and TEIAO ’ s • 
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One rather interesting control application that has been dis- 
cussod a,t BPA is the use of a high energy laser beam to intentionalLy 
Ccouse a line to ground fault for line and device testing. It pres^ 

ent there are three normal methods for intentionally causing a power 
faul-tj; -bolted (closing into a f ixed'etrapfrom line, to ground or line 
to line)}, swinging wire (wire with a 'deadweight ‘ set; up. to fall into- 
a line with the tug of a rope), and the use of a 'orosshow^arrow and 
wire. Bach has elements of danger, requires extensive time to sot 
up,, Isi- not totally reliable, ana each has the drawback of not being 
able to chose where on the voltage or current wave the are will be 

initiated. Using a high energy laser beam, coupled through ultra 
low loss l<^ge dinmeter fiber optics, directed to the energized' bus | 
air (perhaps with a dopant gas) can be ionized (up to 1 meter) almost 

instantly and conduction to ground made at any point in the cycle 
This could be valuable in -worst case tostiiig of neviT power equipment y, 
line characteristics, ^automatic ' '' fault location equipment'^, etc. 

CONCLUSION - '' 

When the magic number of 2o dB/KI,! attenuation (now approaching 1 
dS/Wi) was attained -in fiber design, it became apparent that fiber 
optic cables could play a significant role in future' substation 
design- plans • if ter industry solves existing problems, such' as field 

aplicing, universal connectors, more efficient LBD's and EBD coupl- 
ing, longer lifetimes on laser diodes, and when" designs on optically 
passive transducers are tested and perfected, then the unique advan- 
tages of this technology will be available' to engineers -in helping 
them reduce costs and provide more reliable communications, measure- 
ment, and control service within high voltage substations.. 
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' - HIGH YOLTIGS TR/.HSI'OPjffiHS 

Ihejie has been a tremendous increase in the unit sizes of 

transformers in the last 30 yea'rs • Inspite qi the fact that the 
basic materials havs‘ reraained unc|:^nged a biSt'-er understanding and 

better developed technologies have contributed to red,uetion in 
freight per IIYA and improved effieieiicy, Por example, OHGO was 
available in l950s. In those days, ^to utiliBe_the grain orientation 
of this material , cores were built up as shown in Pig*-1 « The lamina- 
tions yfere secured through bolts and the flux path round these holes 
and the corners is as shown. Ih a 3 phase" core, corners vfeigh - 25 to 
30?S of the total and with the flux passing against the grain orienta- 
tion, the iron losses may be upto "fwice the normal. In modern design 
the 90° joints have been replaced by 45°ioiiits as shown in Fig .2 and 
the number of bolts have also been minimised. In order to permit 
interleaving they are arranged as shown in Fig .3 . Ihe stud 3 r of- the 
electromagnetic phenomena of -such a* structure is quite complex .' For 
accurate analysis, . the flux distribution is needed^ This has been 
studied through. an analogue employing an electrolytic tank. We are 
all familiar with the usefulness of the latter in high voltage 
engineering. Computer simulation has also been employed to calculate 

the flux distribution. In some modern designs the bolts have been 
dispensed with altogether and the core is held' toggther by resin 

impregnated glass tape, v/hich is heat cured. Such cores 'are not only 
magnetically superior but also mechanically. The ’ achievement can be 
ggaged by the fact that using the same core material and flux density 

the iron Imsses have been halved. Ihis has been accompanied by signi- 
ficant noise reduction also. 

I 

YfniDIM&S _ • ■ , 

ResuXts of advances in wind ings. Ji5E?g also been quite 
spectaeuXar aXthough conductor material as well as insuXaiion have 
remained virtuaXly unchanged. Xosign factors that are criticaX are 
different for 1 .v./m.v. transformers and h.v. transformers. From 
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the point of view of the windings of high voltsge trsnsf ormers ^ the_ 
most critical problem is impulse response, Y/hich is a transient res- 
ponse. The windings for this purpose are represented as' follows: 



Each section represents one turn hxid the parameters in each section 
are equal. Tlien a lightning/switching surge strikes it, the front 
of this impulse voltage is like a quarter cycl-e of a sinusoidal wave 
of very high frequency# Inductive elements under such conditions 
offer d very high impedance and large currents flow through the 
capacitive network. If the shunt capacitance, representing the capa- 
citance bety/een the winding and core/c.asing, v/ore absent, the voltage 
distribution would have been uniform. The actual voltage distribu- 
tion is as shOTO ,ih S'igi4» Thisis the initial voltage distribution 
as shown in Eig* 4(a). The voltage response Yvith respect to time 
goes through oscillations, when the voltage may reach more than 150?^ 
and the - final jy^lue shows a imiform V-distribution* 

A disc type of v/inding gives highly non-uniform voltage ' 

distribution, as sliowm in Fig .4. This type of v/inding has many ad- 
vantages as folloYfs; 

1 . It is comparatively easy to direct the flow of oil through 
each disc and the temperature rise- in the 'winding can be 
minimised . 

2. Mechanically it is easy to build and is robust r 

5. There is no need for, inter— layer insulation Y/hich also facilitates 
the production of a satisfactorily rigid and adequately braced 
wintTing *. 

.4-* The space factor is higher. 

5. Better magnetic balance can be achieved and the calculation of 
reactance is simpler#. 
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. la the above cases the shields have been appliodto reduce the 
shunt capacitance. Instead, it -is also possible to change the vol~ 
tage distribution by increasing the series ehp^citancc-.- Jhis can 
be dons by connecting capacitors of sui*table _ value « If it 'vere poss- 
ible to connect a large nunber of such capacitors, linear distribu- 
tion can be obtained . 1. more practice 1 method of increasing the 

scries capacitance is to interleave tho winding. This is done both 
radially and axially, as shown in -Fig. 7» In this case the degree 

of improvement is a function of the extent to vvhich it is considered 
advisable to distort the final distribution or to depart from the 
uniform steady state distribution* 

In interleaved winding the turns -v/hich arc connected conse- 
cutively in series are physically not adjacent to each other. In 
the figure a typical winding is shown. The turns arc v/ound as a 
double conductor with the second sot of turns connected, back in 
series with the first. In this way the series capacitance may be 
incrc-'SCd more ihan 100 times* This may be done either for a' paj*t of 
the winding or the whoLe winding. However, this also increases the 
normal power frequency stress since a higher a.c., voltage appears 
across adjacent turns. As in other aspects of design, -the advantages 
gained in transient performance have to be tr^-ded off against steady 
state performance. 

, The transient voltage response of the winding is a function 

of the ratio. 

shunt c P'p ac it ance - • 

series capacitance 

In the days of early development of transform ‘srs disc v/indings were 
extensively used, v/hich were susceptible to impulse failure. In 
case of small low voltage transformers the shunt capacitance is 
relatively high making tho response poor. .On .the. other hand due to 
larger clearances of'fhc high. voltage winding w«r.t. the core and the 

low voltage winding, the shunt capac’itnicG decreases* Due to the' 

r 

increase in radial depth of larger capacity high voltage transformer 
the series capacitance increases. This gives an -inherently improved 
transient response »- 


The disadvantage of s disc wixiding is that iiiipulso voltage 
response is very poor and its calculation is also more difficult., 
-In "addition, the radial clearance between v/indiiigs '“is quite large' 
for high voltage transformers. 

“The voli^ago reoponse shows that in the axi-'"’! direction the 
first few turns take ^almost the whole voltage, for which, only intci 
turn insulation is available to withstand it.' To reduce this eleci 
rical stress it was thought necessary to provide thicker insulntioi 
in this region. However, the consequently inerLPsed spacing reduce 
series capacitance and there~by the transient voltage further inen 
asc . A better solution was to reduce shunt capacite3ice by the use 
- of shields » 

’Tor this purpose radial shields alone are not vtry useful, 
shovm in Pig. 5(a). Addition of partial axial shields is very effc 
ctive in pushing further the equipoteutial lines shown dotted in 
_Pig. 5(b), and the voltage performance is very much improved. If"' 
full axial shields are provided in addition to radial shields, as 
shown in Pig. 5(o)j> ^most ideal voltrcgc distribut ioxi can bo achie"^ 

In the case of a layer type of winding the arrangement of i 
layers and equipoteutial lines are shown in Pig. 6(a) to (c). The 
voltage distributions are shovm in (d) and (e) across each layer ai 
across the v/inding respectively. As can be seen from these tl 

voltage distributions are better than for disc type of , windings. 
However, this voltage distribution is- also far from, ideal. The api 
lication of shieldscaii effect an improvemont ih it for layer type 
of windings also. In fig. 6 (a) an axial shield 'has boon conncctec 
at the line end. The corresponding initial distribution of 
electrostatic field is shown in (b) . The voltage distribution acr( 
each lay^r is shown in (c). This is distinctly improved from tho 
previous eaoo without a shield. The voltage distribution can be 
further improved by connecting a shield at the earth end also as 
shovm in (e). iho eqp,ipotential lines in this case arc shown doitE 
in (x) and the ■ volt age' 'distribution is sho'wn. in (g) and (h) ■ 
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Qonduc to ra - 
in the case of large current ratings of transformers it is 
necessary to take steps to reduce the stray load^losses • Por this 
purpose it is necessary to use continuously transposed raultiplo strip 
conductors. Within the area of the core window occupied by the 
windings, the majority of the leakage flus_is parallel, to the winding 
length. ■ This results' in stray eddy current losses in the conductor. 
This loss is proportional to (a^ b^) where a is the total number of 

radial conduct'orsin the 'winding and b is the radial depth of each 
conductor. Therefore reducing b has a substantial influence. In 
this case it is also necessary to equalise the induced e.m.fs. in 
each strip so that the losses due to circulating currents can be .mini- 
mised • This is achieved by transposition and each strand is ins^ulated 
with a thin coating of enamel* The arraaagement of. conductors has 
been shown in' Pig. 8.- ‘-■‘'-■■.-r 

Bleotor-jaechanioal Porces ' '• ' 

Prom the point of view of .s;^stom operation p-t"is'4es jxable 
to reduce transformer reactance*- The lov/or limit for $00 to. 750 IINA- 
ratings is 1o to 12^. In such transformers very high current would 
result, in case of short circuits. The radial electromechanical 
forces -ar^ proportional to I and these forces arc also getting cri- 
tical from the point, of view of design. In order-'tb- SQ_lvf,_ this 
problem two approaches arc 'possible: 

: f . Develop materials which may be able to withstand 
. those 'forces * 

• ^ - At 

y 

2. Develop 'windings to reduce these forces. - . . - 

In practice both the above methods have been pursued • . 

Shell type of construction is superior from this point of view, which 
gives higher axial stresses and lower radial stresses.. 
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(Pest lag of graasgormers - 

In the early daysif the transformer mder test s«vk 5 a kink 
in the osotlio^rauK of applied YOltage^ the transformer insulation 
■sras considered to be faulty* Sometimes the coyer bitv oifr when 
it was considerod to bo definitely faulty* However | there ^ may be 
a fault oven if none of the above is obsorved. How it is recognised 
that oscillograms of neutral current or voltages transferred to other 
windings are good indicators. The latter, are very sensitive to faults 
within the transformer* How one looks for. any change in response from 
the predicted response within the first few micro-*SGConds * ■ 

Ixk these lecture a few important' 'factors in the case of large 
high voltage “transformers have been discussed* It will be in order 
to summarise the developments which have contributed greatly to the 

manufacture of these 

1 » Understanding how flux flows in complicated' cores*. 

2* l&ideretanding how leakage flux flows around windings** ^ 

3* How forces are developed as a result of these leakage fluxes 
4 t« Developments in winding design* . , ' 

dhe achievement can be guagod from the f §c,t. that in mid l950s 
the M?A per active ton of a 120 iltTA unit was m 1 How it is r or 
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Ber-unit field distribution in long rod-plane gaps 
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Poteatiai attd fisi4 ddstriinitioRs for contribut loas for 
conductor-^plsuie gape* 
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MOD BLLnMS MD SITOiglOH OP EVT^rf FOR IRAIVS ISitTS 

INTRODUCTION : 

The use of HVDC traasmission as an alternative for long dis- 
tance bulk power transniiss ion froc remote thermal axid hydro plants 
as well as for interconnect ion of power systems is on Increase. 

The plann ingj des ign and operation of the HVDC line req.uire3 a de- 
tailed study of the steady state and transient behaviour of the DC 
link and the interact ion' between the AC and DC system. 

DESCRIPTION OE DC I INK 

The schematic diagram of DC transmission link in shown in E%.1 
This shows atypical bipolar link with one 12 pulse converter unit 
per pole. Normally the two poles carry equal current and the ground 
current is zoro . The major components of a H^7DC link ar* describod 
below. 

1* Converter : The basic convertor block is a three phase Graetz 
bridgo shown in Pig. 2- The valves carry current only in ono direc- 
tion and they are made of thyristor elcmc-nts in scrie A valve 

can be turned ON into a conducting state by applying a gate .pulse, 
whenever the voltage across the valve is positive.. The valvo 
turns OPP at current zero. However a certain time (of the order 
of fexe hundred us must elapse before it can regain its forward . 
blocking capability ’ TNe average DC voltage- across the converter 
can be varied by changing the instant of the application of gate 

pulse in relation to the sinusoidal voltage that appears across 

the valve before it starts conducting (called tho commutating 

voltage) . 

2. Converter Odntral : The block diagram of a typical converter 

control system is shown in Pig. 3* This consists of current control- 
ler, extinction angle controller, the firing angle controller. 

The reference of tho current controller is derived from the slow 
acting power and auxiliary controllers. Normally, the rsetifier 
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TRANS lENTS IN DO SIS TDM 
'Tbege ox>~ caur.cd Dy 
1« DO line faults 

2* AC line faults that can load to comraut '^t ion failure and 
shut down of DC link 
3» load rejection 

4« Energization of converter transfor-vero, f'ilt-^rs 
5* Blocking and dehlc eking of converters 
6. Convertor faults such as misfire 

Some of the problems that can bo caused by the tro-ns ients are 

given below; 

1« The line to ground fo-ult in one of the poles can lead to a 

large transient overvolt?»go on the healthy polo. The design cri- 
teria for the air clcs.ranccs of a bipolar line are often dictated 
by this overvolt ogG. 

2. The transformer energiza.t ion (with blocked converters) can lead 
to long duration dyns-mic overvolt-^^es caused by saturation and 
inrush currents. Those are particularly predominant when the DC 
system is connected to a lightly damped AC system such as isolated 
goner ot ion. 

3. Self excitation can arise duo to the interaction between AC 
filtv:rs and tho isolatod gGncr-itcr when the converters are blocked. 

4 . AG faults and blocking of c-. nv'rtors (without by passing) can 
1^'ad to inject ion of fundamental ana second harmionic AC v'-ltagos 'in 
the DC line which is lightly damped. 

Highest overvoltages can occur iui the co,se of _ prolong-' d mis- 
fire at the inve-rter v elves. Largo voltage and current oscillations 
on tho DC line- may cause curr-ent extinction at the inve-rtrr and 
severe- overvolt ag-'"' overshoot dut. to the rectifier continuing to 

fe^'d oricrgy to tho syst-em. 
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MODSLIHIG OP DC SISDBM 

Tli&rs are two P.pproacliGs to simulation “• (l) using physical o 
hybrid simulation using HVDC simulator, (2) using digital simula- 
tion. In what folloTirs the second approach is considered* 

Ooni;erter Model ; Ihe m-^dels depend on the dcgr £0 of detail re- 
quired to simulate a particular phenoroonon. In the order of in- 
creasing complexity, those can he listed as follows: 

1* Yoltoge source that is dcfiiud as a function of time. 

2. Controlled V'''ltage source in series with a resistance* The 
rnagiiitude of the voltoge source is dotermin-^d by the delay angle 
which in turn is determined by the control system. 

O'- The -valves are modelled as controlled switches* The switch is 
closed at the instant determined by the control system and opens 
at current zero. The gr-^dlhg '/damping RC circuit across the valve 
is represented for simulating high frequency behaviour of the 
converter. 

4* Controller ; The knowledge of the transfer function of the 
various blocks in the converter control system can be used to 
simulate the controller responso to given inputs* 

5* Convertor Transformer ; Apart from leakage inductance and 
. ros,istancf> of the transformer windings an accurate representat ion 
of the megnet ization characteristic Is c-vssential* 
f » DC Lins; The dc line is eith-or modc'll''d as a lump».-:d para- 
meter liiie with a number of pi^ections or as a distributed para- 
meter element. The two modes of propagation - ground and pole- to 
pole have to be considered with different velocities and 
at t eau at io ns . 
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P jJ. t : re '-'.n d R; f'.c t o xs 


>rc r-prc'^;- ut J no l'ap''p. cl 


wit ’a ni'iril jii-' "cr cbT-act ristic if n.uy 


In nc-cljtion, th'" surge a.rr.'^st c^'ri ela' be 'mo ciell .■ d to 
determine' tb^' ir eft cct nnci cn^-rgy ibsorptiO'n riquircd. 


AG S^^strm. ; In mnny co.eis, for th-o o.n^’l'/s is 'oi trans j.jrits in the DC 
systc-m, a simple represoueat ion ol th'^ AC syst -m -^t c ''.ch caurertor 


statjon may he satisfactory. 
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dance- angle at various harmonics arc thf inrp?'»'tar: 
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STATIC YAR SYSJBMS 

The dynamic Var compensation where there is fast control 
of reactive power in response to systeai conditions, hes many 
uses. Some of these are listed below : 

1) to improve transient and st^'ady-state stability of power 
systems 

2) for better voltage and r''-actlve power contr''! in th-' system 

3) dynamic compensation of first changing inciustrial loads such 
as arc furnaces, rooling mills etc. 

4) to maintain voltage stability at HVDC converter termin.='ls 

5) Tampjng of loss fr-quoncy (0.5“2Hz) and subsynchr''’ncus fre- 
quency (10-40 Hz) oscillations in power syst-ms 

6) for control of overvoltages due to load rejection etc. 

Switchable capacitors add reactors have too slow a 
response duo to mfchanical STfitching, to be c'^nsidered for 
dyn 0 ,nic compensation. Synclironcus condensers have a centinous 
control range and are rea,souably fast, but have limitatoon due 
to maintenance ana stability problems. Use of thyristor devices 
for power control initj.ally for industrial drives and lat^r in 
HVDC trans"iss ion has passed t'le way for th.- static var systems . 

..(STS) with thyristor devices. They have a high speed response 
(1-2 cycles) and an capable of r'^li^’b!? porformaiice. 

The- funct.ioas of a SYS can be divided into three categories. 
Voltame Su-pport ; Where the vrlt^ges at some rp •'cif i-.-d . . po ints 
along a tranomiasicn liiie are regulated with SYS. For example 
consiccr a power station supplying a large system thnx'ugh a 
long transmission line, as sh'^t-jn in Fig.1 



/ o2> 

/ 

— I / 

^ys I 


Fig.l . 
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By p 1 * 0 " 7 SVS s'b "tli© inidpo iiiij of flio frojismission 
line to maintain the voltage, the following advantages 
accrue 

1) IncroasG in transient and steady— state stability limits of 
power transfer 

2) Control of overvoltages caused by load r:gc-:ction 

3) Reduction of Ijn^- • losses 

load Gomnensat jon ; Here the function of SVS is to compensate 

for tlv variations in the load such that the n t current 
flowing over the line f ■■^''-dj^ig the load is a specif i''-d (say unity) 
power factor and balanced. This is required when the AC system 
is too weak to maintain the terminal voltage with load varmt ions . 
Also it is not economical or desirable to supply the reactive 
power demand over long lines. 

HVDC inverter stations, feeding AO systems with low 
SCR at the convertor hus can benefit from the voltage stability 
provided by SYS. 

c ) Damning of Oscill at iotas 

By modulating the roacjivc power supplied by SYS in res- 
ponse tc a cnntr^'l signal, such as bps frequoncy, rotor velocity etc 
it is possiblo to damp oscillations in th-. system. Use- of a 

properly controlled thyristor controlled reactor at the genorotor 

nuis- 

terminals to damp ysjmchronous frequency oscillations has b^on 
suggested and implomonted. 

Static Yar Systems ; 

These can have different operating principles and confi- 
gurations; listed below 

1) SYS with continuous, active control 

a) Dirict current con!;rell'd reactor (DGCR) 

b) Thyristor controllrd reactor (TOE) 

c) Borcc- commutated invertor (PCI) 
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2) SYS ,with discontinuous active contaool thj’Tistor switched ^ 
capacit'^r (TSG) 

3) SYS with combination of fSC ojid TOE 

4) SYS with iriherc-at contr'^l 

Self saturated reactor with slops correcting Capocitor ( SAR) 

For power systopi applicat i-^ns, TOE 'with fioced cap-^citor 
or a combination of ISC with fCE is gonr-r^lly us:;d. The basic 
Goaf igurat i''ns arc shown in Fig. 2. 

Usually a SYS tr.aasf orr'r is us'd to match th^' device 
voltag-' r.atiags to the line ■v;lt:'^g?. la such o, c'^se, fer TOR with 
FO a sp^'ctally designed re-'~ctor transform' r con be used to 
eliminate separ^’to reactor. To av-jid the injection of triplea 
harmonics in th: systesi, the reactors a.ro usually connected in 
delta. Other herp\cuics can be cliniaated by suitable filt‘'rs. 

The fix'c capacitor -^Iso serves as a filter. The filtering 
roqu irc-mcn ts can be reduced irith 12 pulse ^'por\tidn. In this 
case a SYS transforaior with tw^' sl c'-niorics , on'= connect- d in 
sta,r and the other in delta arc- used. 

The advantages of TSG/TCR configuration arc ( i) low 
losses in ehe inducti'a regi-^n ( ii) reo.uctioii in the size of the 
reactor (iii) low h'’rm0i.4.ic curreuts. But the layout is marc 
complex and the thyristor valve costs increased. 

Sttc^dy State SYS Characteristics ; 

Tho centrnl chr,3?~ct eristics (for steady state operatioii) 
sve shown in Fig3. Th' control range of SYS is CD. Tho operating 
point is 'A' given by the inters, ction of the tn-t^.rcrk and c-'ntrcl 
characteristic. Fhe coutrcl s ii^nal is- sbtpinod fr:m the terminal 
voltage. However a positive slope (3“105f>) is given over the 
control range to help in stablizing the control system whan 
SYS operates with large network imp* 'dances (with low short 
circuit lovsl at the SYS bus)-. 
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Tlip op~!r?'tiiug po inij cfiii ovi'i* wiG."'* z*‘?.ngo wit]! 

ch.an.ges in th:- systv''ii'' operating cn'iciiticns. In. order to 
iDaintain a rf'servo. for smorgoncy coridi.ti'^ ns it is dosirnbli^ to 
saporiMiposc a const axit reactive povjor C'-.itrol with slow r 's~ 
ponso . 


Steady State Analysis % 

Ihs ^n'^lysis is apolicabl'- to r TOR. ¥ith the V'ltago and 
current wo.vcfcrn''S for oiie ph''se, in steady stat'" , ar- sh'^wn in 
R ig . 4 * 


The current i(t) over a half cycle is defin d by 


( 1 ) 


i(t) = (cos a ~ cos wt) , a < wt < a +o" 

L . 

“ O ^ a +G’ < wt < a -i- re 

where a is the firing angle , (7* is tlv c-^nduct ion angle, X-^ 

is the reactsjico of the reactor. 


1 

] 


The- fundaoental coroponent of the current I, is given 
giv'^n by 


T - ( <r- sincr-) 


( 2 ) 


= Bj^icr) Y 


(3) 


whore 3(0*") = — ^ j_g suscoptance of 


u X 

the controlled reactor. Also. 


Cr = 2 (a - a) 

Ihe Rourier .oniolysis giv.s tho harrionic coroponent 3^, as 


(4) 


T _ 4. 3L r sin(n+ 1) a , sin(ri-1)a 
■"n - X L 2iE+T) + 


cos a 


sin H OC. 
n 


3 


n=3,5,7 
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SYS Control 


The SYS control structure is sho't'm in Fig.5» The network 
voltage end the compensator current arc- both moosur'-d, and th-'- t'lr 
values used es a basis for bhe voltage contr-^l with current drop. 

Tliv? correction of the network voltage for obtai^iing this droop 
is roaliz-'^d here on the AC side. Tho- network V'^ltog"^, after 
correcting for the droop is then roctifiod. On both AC and DC 
sides of th3 rectifier, filters are included. The filters on th-- 
AO sine rfduco the overvoltages arising in a c'nsoqu '-ncc- "if low 
frcQU=acy (<150Hz) rcs'nances in the system. They must br 
tratche-d to the prcva.iling system conditions. The filterson the 
DC sice serve td filter the rip-pie in tho rectifier output or 
the harmonics introouced by asyainetry in th-'^ network voltage. 

The frequenci-^s to b-' c'nsi.nr'-d arc- pfj_^* 2f^ and f^^, whero f^j- 
is the nominal frequency and p is the pulse- number ''f the rectifier, 
■fhe output voltage of th^ r-:-c &if ier, aftor filtering, is propor- 
tional te the average v»lu: of tbn AO voltage, c'irrcctod for the 
droco . 


The regulator used is a proportional integral (PI) con- 
troll' r and (if'^nc cossary) is equipped with a dc-vicc which the 


gain specially ■'.rhen kne 


AO 


3 5Vit;c'. is wea.k. By limiting the 


output of tho controller, it is possible to Include other re'(jyi— 
lation oad control d vie s such -"s for example current limiters 
and control equipment to allow the syst''-m to run up smoothly. 

A manual control, system permits Ih-o SYS to b-'"' controlled mnjaually 
during commissioning and for maint-^naacc ; or when extraordinary 
network st.atos arise. Both voltag-^ controller Oiid n\n.nual control 
dictato th-' compensator suscoptrnco The control logic 

realizes this by means of a combination of c-^pacitor steps 
and appropriate control of the TOR. A line-’rizing function is 
also provided to make the regulator output proportional to the 
suscoptanco required. This ensures that th. response of the 
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voltage- controller has the sanv' speed over the enoir-- control 
r.aflge . 

It is possible to supplement a voltage regulator by a 
var regulator* This can bo coordinated with othsSr switchablo 
shunt capacitors/reactors . 

During a tronsic-nt subsequent to an unsyinractrical or 
aymmotrical faulty, it is necessary to block the control action, 
otherwise overvoltage problem can worsen* This is b'^caus' fcho 
natural control action of S?3 is to switch on capacitars or 
reduce the- inductive current whe-n it sees a reduction in volt\ge. 
However this- action is detrimental to the control of overvoltages 
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BT^RODUG-TIOn 

HITDO simiilators arc widolj'- used to study tho d;^/Tianic 
porfonaance of EWO systems, although hybrid f 8 J and digital 
simulation | 1-5^ tochniquos have also been used* While a HBD'C 
simulator is a versatile tool for simulating the dynamic perfor- 
mance under various conditions ranging from fundamental to 
high frequency, it is costly and less flexible compared to 
digital simulation, 'liras tho drgital simulation can be used 
to supplement the- HVT)C simulator. 

Iho major problem in the digital simulation is tho 
convertor representation because of the commencement and 
cessation of val"s:o conduction. Ihe convertor topology varies 
v/ith time. One ?/ay of handling this is to make the topology 
invariant by modelling the valve as a time varying impedance. 
But this loads to tho system equations that ro(piire uneconomi- 
cally small integration stop size for their numerical solution. 
Iho varying topology of rhe converter has boon considered using 
tViTO methods. In the first method [_3, 5, 6^ » also called tho 

method of subroutines, the sot of equations for all possible 
configurations- of conducting valves are formulated so that a 
particular sot of equation is chosen at any given tiao. Ibis 
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not hod is siiitablo if only normal modes of convertor operation 

are considorod* In the second motnod tianf-i-Onriation 

technique due to ICron[_1o] is used whore the state equations 
corresponding to each state of the convortor are guneratod 

using a transformation matrix* 

In this report a novel converter repro sent c:t ion based on 
graph theoretic analysis is introduced. Iho approach is 

conceptually simpler and leads to officiont formulation of 
the converter equations corresponding to all possible modes. 

Ihcrc are in total 50 possiblo modes corresponding to 2,3 and 4 
valve conduction. Howovor, only 39 modes arc of interest if tl 
DC link current is assumed continuous. Those can be handled 
using throe simple cutset matrices which arc easily generated. 

The topological analysis leads not only to the system sto.tc 
equations but also to tho expression of dependent variables, 
such as valve voltages. 

A multitorminal IRDC system consists of i) tho 1C system 
feeding the convertors, ii) converters with their associated 
controls and iii) the DC network consisting of transmission 
linos. The approach employed hcieis to model each component 
separately and in a modular fashion. -These models are inter- 
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conncctod usiiig appropriate interface variables. Iho d;>eiaiiics 
of the converter controls arc represented in detail* Both 
individual phase control and equidistant pulse control have 

been considered. 

The results of the various tost simulations under sboady 
state and transient conditions for sample HVDC systems are 

presented to illustrate the capability of the computer program 
developed. 

COTvBFiER ESPHESEhTAFIOH 

A throe phase bridge converter system is sho'ffn in Big .1 . 
This includes the leakage impedances of converter transformer 
(R^,L^) and the dc smoothing reactor (R^jL^). Iho effect of 
the ac system on the convertor is represented by the source 
voltages (o-^,02>Oj). The dc network is also reprosontad as a 

voltage source (V^) at the convertor terminals. It is to be 
noted that both the ac aiad the dc voltage sources are not 

constant and are actualiy detorminod as output (dependent) 
variables from the ac network and dc network models respectively. 

The effects of the convertor on the ac and dc networks oj?o 
roprosontod by the injection of currents into the respective 


networks . 


5 


5:ic'/c tho ci'-'rl' ':'OiivcrlM?r eystcn:^ jllorao-nt.'. 1 
tc 6 roprcsorit the ve-iTos. biorucnta 7 9 '^'oi-recpoirl to tiio 

uauivoj,c}nt circuit rcprosOiit;»iion • lOj' O'c’ tho ac .oyetem fcodiiv 
the coiiTortor. TUc clcmoiit 8 mcludce tlic ocrics cojobiaatiun 
of and In deriving- tlic- gr-;pii of I’ig.2p tho grading 

c«iid d&inpjji^ cipcuil/o gcx'OSb tlic ygIycs cxvo ijr^'iicccoc' # 

Pig .2 is the simplest graph reprosentafion of the convor:. 
system. 'Shore are 9 elements and 5 nodes, Oorrosponclingly 
there are 4 tree bronchos and 5 links. Per reasons that u-ouid 
be soon clear, tho tree is chosen such that it includes clemoiii: 
7,8,9 and one of the conducting vrlvos (element S, -//hero 3 onn 

bo vcorvo 1 to 6). Iho constituent cqucaticns of element 7,8 
and 9 arc given by 


?/horo 


R 


and 


~B1 - 2 -4- c 


Z 


B1 

-i- CO 1 p 
~T 

w- Vl. ! 


0 


R. 


o 


0 2R 




Jj 
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; 0 


' I, 


Gj 


^2 




5-} ~ ■ Og 


0 

1 

( 
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^d 


0 

2b 
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^7 

^qj ~ 

1 V is 

element 

voltr'igo 

isl 

= c 

-^7 ^8 

_ n 

hi 

i is 

element 

current 

T denotes 

the 

4* 0 0 

■poac» 

i = 27 f 

r die re f 

is the ac system 

fro qucncy 

f P 

= d/ii)t. 




F or 
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LiOllu CJ 

1 to 6 
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0 

II 

t> 
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liiictirig 

. r v-f }f> 

(2) 

II 

0 

Pt-L 

2 « s c *t? 

of none end uct 

j-olg V CijTV 

OS 


This assumos the vaivos to be iioal sv^itchos with zero for.vro-’d 
impedance and infinite revorse impodanco. Tho troc end cctrco 
of the graph for S = 1 e.ro shovci in I'ig.3» 

For any netv/ork, branch and link variables arc related by 


-S 


II 


-L 

HP 

Ib 


(3} 


(4) 


whore subccripts B and 1 refer to branches and links rospcctivcl 
and matrix: is the component of the fundamental cutset matrko. 

This matrix for Fig, 3? along^witli the matrices corresponding to 
various trees uso3 in the analysis, is given in Appendix 1. 

The tree branches arc partitioned into tv/o sets, one set B-j 
(consisting of cloments 7j8 and 9) and other B 2 (consisting cf 

valve S). Similoirly the links can be partitiunod into two 
sets, 1-j (corresponding to conducting valves) and Ij2 
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. . 


(corresponding to noncondaeting vnlvcs). Thus mr’.trix 
can be partitionod as 


JD 1 






Ell 

— . 1 

El 2 

E21 1 

■n ^ 

^122 


Prom (2), tiio following rolations arc evident 

In = ■'bi = 0- ill = c 
Subotituting this in (1), (3) and (4), the foUovvlng 

equations are obtained 

-,T 


*^411 2 B111) ill = ®iii £ 


2i 2 - -tell 2 Z + B112 £ 

iBI r ‘^11 ii1 

Equation (5) can bo arrrmgod in the fora 

37i)T “L1 ~ “ -■''^1 ijii + ej ^ Q 

whore 


J-j — B-r- -I 1 L 


E 


'LU ^ Ell 
,T 


1. = Ell 


(5) 

(6) 
(7) 


( 8 ) 


Equation (8) describes the dynamics of the converter. Prom 
laiowledt,e of the voltage vector c, (8) can be numerically 
mtegrated to solve for the state variables. The voltage 
across the nonconducting valves is given by (6), The do and 
sc curronte are given by (7) . 
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DISCUSSION 

Equations (6) to (8) aro formed at each time the state 

of convertor cliangcs* flic ciiangc In tlie status of valves in the 

linh can be considered by rearranging the columns of mcatrix 
The. matrix has to be changed as the conducting valve S 

ceases to conduct. Although uhere aro 6 possible matrices for 

the 6 valves, it is adequate to use only thr-oe such matrices 

corresponding to a valve group (1,3,5 or 2,4,6). This is under 

the assumption that atleast one valve is conducting in each valve 

group, fhc observation of matrices ^^,B^ and b| reveal that 

two rows aro invariant • 


The procedure outlined above can bo compared to the method 
described in 0 >7l v/hich arc similar in objective. The method 
given hero is simpler both conceptually and computationally. 

Also tho valvo characteristic can be assumed to bo different 

than that of an ideal switch. The constituent equation in this 
case would be different than in (2). To give an illustration, 
tho impedance of tho valve during nonconducting period can bo 
assumed to be finite (determined by the grading and damping 

circuit). Inclusion of this characteristic can be easily 
accomplished. In contrast}- tho references |j ,73 implicitly 

assume the valve inpodanco to bo infinite during nonconducting 



period 


. 'The nuiibor of stoic cipar.ticns per ceiivortor -vary 
depending on the number of conducting vnlvos (F) and is 
given by' (F~1 ) . 

. - ' COin^EBTSS COnTBOL REPBESEF^dTIOF 


Each converter in a HVDG system is equipped with a 
controller that determines the instant of firing of each valve = 
The firing pulsos are generated from a control signal which is 

the output of the current or e^ptinction angle controllers* 

Formally current control is used at the rectifier and constant 
extinction angle (CEA) at the invertor. Basically there are 

two firing control schemes: 

i) Individual phase control (IPC), where the firing pulse for 
each valve is determined with respect to its ovm coinmu-- 

t at ion voltage. 

ii) Equiciistant pulse control (EPC)j y/iioire the controller 


g'^ncrates pulses at equal intervals in steady state, 'i^liich 


is relatively independent of the distortions in the AO 
- voltage. 

Piring Control Scheme with IPd 


The rectiiicr control signal obtained as the output 
of first order current controller is 


E 


cr 


T+T 


cr 


P' ■ 


(I 


refr 


It ) 
dr-' 



1o 


xiiG inYertcr cccitr-l signcu. ie ii'.cc. as 
S^.. =^.2 Y^j. cos K ^ 2Z^. I,. - V 

v/> H* >LL.»J IL 0 0 H. Cb iXi 


GC 


v/nero 


‘^1 


- 1 - . 


■ CC ” 'l+‘i‘ .'D ^“Z'Gr.l 

ci- 

TliG subscripts r rnc i clcn^te rcctificrc ana i:;r^ertcr quanti’’'ie« 


respectively. S is the 


" jJ. ' 


_0 j . 


0 0 31"^ ' A J_ C X* 

tine constant, I ^ is the reference current, I- is the liteo 

current, is the rras value 'f line to line ec vrltn^'O, Vq 

is the oztinction an, pie of the inverter r.nl Z^ is the Connu™ 
teting reactance. I’he firin,r pulse generator for a particular 

va.lvG j conpares the control signal vvirh a signal S^.. corrospcnl- 

c 

ing to the cornnutation voltage of the valve acLvr.ncecI by 90 . 

1 pulse is inioiated at the instant edien the following conliti-n 


IS saner lecl. 


Er-.h E . for nvei’tor tc-rninal 
rj h-' ci 


me 




roctifier teriainal 


f 3 ^ cr “■ 

The minimun dclrjj" angle ( ) operation of rectifier is 
ensured by restricting the control signal frexn falling 
bolo’.v . ^ VS/h-r cosx . In case of inverter, signed. is 

jjjj mill 

damped tc zero while going negative to oneure the firing angle 


variation bctv/eoii 0/2 and ( fi - V ) 
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PiriiiA' Ocntrol Scheno \;ith EPC 

All oquidistcnt pulso diring schcno puloc frequency 

control has been sugrosreu to overc^.ij tiie prcbloii of hairaonic 
instability r/hicli is inlioront v.nth Vr''; 2 } . I'liie nccossitatcs 

feedback control of not only the emront but also tno o.rlinot ior 
ai-gle • in uiio prescxiii cnitoxt ox oii.iuluiirwiiy only roct'Lfior 
tcrromal is considered to be oquxppod vVith tnis type of control* 
I'ig.4 sho'Ws a sinplifiod block diagran of tno controller fr^v, 
whiCii tno st;a.to equations con bo v/ritton dov/n®' 

A consuant slope ranp function is genorrited starting from 
zero at oacli firing instant. This ranp function is conparod to 
the sun of the control signal (IT^) and the bias volt ago propor- 
tional to T/6, end a pulso is initiated at each Instaait of 
equality* liThon = 0 , the, firing pulses are genercated at 

every 60 corresponiing to stocxly state operation. The firing 
ii.* the ioctifior node is prevented until the comutation voltage 

has reached a defined nininun positive value. This ensui'cs the 
irinnnum delay angle operation of rectifier.. The details of 

rhis firing pulse generation scheno arc described in rcforunco [n" 
EElHESEliTATIOn 01' DC iJJD AC I'lSTWOSiC 

iho DC network consists of transiaissicn line v/hieh can be 
reprosontod by aTT-cirouit. The DO current of each convertor, 
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v/hicli is obtcinod intense of the ct to rlr.blosy is injoctc: 

into the DC notv;crk r.t convi rtcr tcrrji:‘i'’l£ . oto.to cq’j''tions 
fer the dc notv/orlc c'ni be e-'silj vrritton n nno ere tino 
iir/^riant, The veltrrc iie ?ig»1 is directly obtained as 
a capacitor ■voltage which is c he sen as a str'.tc voriabl'j in 
the dc notv/ork equations® 

Iho AO system can also bo sinrlanly nodellcd and the 

state equations arc time invariant* Iho currents iy and ig 

(refer ?ig.1) arc tree ted as current seurccs in the derivation 

of jiC notv/erk equations* 

GOtrllPSH PxlClHrd'I 

Based on the procedures outlined on the previ -us scctrons. 
a conputor program has been dovolop'cd to sinulatc a contrcidloc. 
nultitcrminr.l HVDC system c jntainhog upto 10 n-’ncpolar ■terminals. 
The structure cf the program is md.ilar v/ith each subsystem or 
control functren described in indivicu-''! sulrxutinc,' At a 


particular rnstant cf timic the states of all the c .nvertors arc 

using the convert or 
model described earlier. T'ho coiraertcr state ohangos due t.o 


defined and the equations are f ■-urralaf 


1) cessation of conduction in a ■'.'alvo or 2) firing cf a valve® 
The converter state is chocked at the bogimiing of each integ- 
ration time step. If nccossaim’j the exact instant of cossatim 
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0‘P c o'?'‘d. me V iLCii ill v'mivs xs ciexex'niLiiGQ. xxaiC'i.x uiXijt>xpoi_r-uioii 

usiiii-',' xiiQ vslve cu.i’'x©ii't meGSiixsinGiix « T/ie oiGSGiice ox iiiriitf-^ 
cu-lsss is Q.ei cxixiiied fxoni "fclis ccnixoxlex Sij.bxou.0ii4.© diio. ili© V'hIvs 
is out into xhe conducting stflt© if it is iox,;oi’d biased end mo 

Yoltags exceeds the defined ninirnum .Tiniite 


Sono of the salient features 


of the progi“ain are gi-voii 


be low : 

1) Initial conditions: 


IliQ simulation can procood from a) aero initial coii*’ iticn 
or b) initial conditions establiuShod from tho steady state opcr-> 

•t I 

ating point. In the former case tho system io started by p'ltting 
all the convertors midcr starting control. Horc tho firing 


angles are initially set at 90*^ 


and are changed linearly until 


tho current builds up. For the scccnrl case tho roquirod steady 
state operating conditions are obtained from AO/DG load flov/ 
calculations [121 . 

2 ) 0 onvert o*r 0 ont rol : 

At present there arc throe choices of the convertor 
control as listed below: 

a) Const ant cK. control 


b) Individual phase control 

c) Equidistant pulse control 


Because of tno modular structure of the program other control 



3tr;;tc_;-iQS caii also bo incorporated, if nocossarv. 

3) bO notworli equations aro formed directly from tho toion'le-d/jo 
of line data and lino to biis incidonco matrrs. 

-•it 3 Jroscnt modific:! raalcr's integration iioth.od is 
used for solring the state equations although trapcscidal or 

othor methods can be usedo 

n T~\ on o T"" “^T — ,* ”r /■•'TiTOf 
1 il; b X U lid X XjAj. X U'xi S 

Iho capability of the program developed is illustrated 
by simulating a 2 terminal and a 5 t n-nlnal HVDC system fS ' • 

The schematic dirgrans of those sysxeas arc sliovn in Fi^. 5 
and 5e Tno details oi tho S", ret cm parrmetors arc given in 
s.ppGO.dXc 2» Various test simulations arc carried out to inveS” 
i-Lj^acc tno system ^cspfiisc both Xi stcadj” state aiid transient 
conditions follo\;ing r. disturh^'iicc . 

I'lj „7 shc'vs tho steady state v/avc forms for a two 
terminal c-ystem v’ith the operrtXig condition 3 as given in 

irpondix 2. Individual phase control is assumed horo. Titis 

Gstablishos the terminal 1 (rectifier) operatiag cn constant 

current control and terminal 2 (Xivortcr) operating on CEA contro 
Iho transient system response of a 2 terminal sp-stem 
with individual phase control is nivcstigatod with the followXig 


disturbances: 
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1 ) 


3) 


4) 


ChangG in current rofcrcncc aotting (v/itn operating 
condition A) 

at both the tcrniiiale, from = 0*65 p.u.? ~ ^*55 

oo -p't ^ ^ ? 0 *0 I'.ncL ^ — PC ^ 0*9 p*a» 

rci ‘ i. oj.^ 

at both the to::ranfr'..r .7 from " 0*40 p*u»y T,,,,^p=:0*3 

p.u. PO .0 p.u -Xd a^.2 = 0-3 

at the reotifior terminal alone j from =0*65 p*u. to 

= 1*0 pfUoj thus increasing the current margin, 
as in ease 1 with source rocctanco at both the terminals 
increased by 2.5 times and the smoothing reactance doubled.. 

30 percent dip in AO system reltcgc in on^.- pnaso lor 5 cyclcj 


n B i , 


(with operating oonditic 
1 ) at uho inverter tcrmi'.al 
2) at the rcci-ificr terminal 

She system performance icr tne above cases arc shov/ji in Pig *8 


to 13 respectively. 

Per a. three tormmal syetomj the following disturbances 
arc considered ; 

0. Ohangc in current ref o rone o ed.ting 

1) at All the three terminals y from .I 5 p.u., 

р. u. and Iy^^3=o*46 p.u. to .45 p.u., ^72 p.u* 

с. nci 
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30 pGrccnt dip in iC ;„ystGn voltage in cnc pnaso persisting 
for 5 cycles 


1j at convertor 1 


2) at converter 2 

3) at convertor 3 


?ig'3. 14 to 17 rcfc-r to the acovo eases respect ivclye nil tho 


above* figures (3-17) shew 


she variation of average I)**" current 


and voltage over 50 cycles of siralation. The distui’bnncc is 
initicated at the beginning cf th^ 20th cj’-clc- . All the above 
oases ascuno individual phase control for the converters. 

hisQUSsion of Results 

The results doraonstrrte tho operation of the canvortor 
control un<'ior both sto-'^dy state and transient coniitinns. is the 
cbjcctivo of this study is nainly to illustrate the program 

capnbilitj’-, the opt imisriti^n of controller parameters v/as not 
attempted, l’ig.7 shows the predominant 6th harmonic ripple in 

tho lino current. This prcb^ibly is duo to tho fact that tho 
control signal from tho liiiO current was not filtered. r 

The following observations arc made from the results 


obtained 


n 


01 i?.iigc in. Current Ecforonco 

0311C responses for beth tvro torininal and rliroc torriinnl 

eases shew thet the e-orrent centre Her nt cacli termnra Cv.r.ics 
injo action as a step cin:n_:,c in the current reference is applied 

sinuitanceuslj. '^jig cui-rcrt settles dovm to the new value in a 
reasonably short xine. Increase in the ciagnitudc of the stop 

change m the current rcforoncc leads to increase in the 
negnitude of dc vcltago oscxllatiuns and increased settling 
tine. Observation of ease a . 3 (refer rigdo) shems that the 
current control is acting only at the rectifier and as cxpcctodj 
hov/Gverj this leads to largo oscillations in the current and 
voltage* Ilils iiiiplics that the introduction of time dolaj?" in' 

trniisnitting the current order t,^ the Inverter torraiaial leads 
to dotoriorat ion of the perfornanco. Perhaps this can be 

improved with an optimized cor.trcllor design. 

It was observed that when the source rcactanco vwas 
incrcasGdj the syston nalfunctionod . This pimbloin was overcciiio 

by doubling the value of snoothing reactance. This shows that 


the converter design is critically dependent on the syston 
parameters. 

Pospoiiso following Disturbance in AC Voltage 

Witn the dip in rectifier side ac volt ago y the current 
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c'litrol shifts to the iiivortcr and tho rectifier oporntes 
'.vith niiiimun delay englc- . The variati m of firing angles 

ill the first c^t'cIc fell'^v/ing the disturbance is shcmi in Fig.l3' 

Per the three tcrif-nal systori it is cbsciared that tho 
dip ill tho vclt-'-'yo at th- tcrrin'l rith diJh control is tho 

nost severe disturbance. Sinil-.r obscjrrati.v.n3 can bo nado 
for tho tv/G tcrninal syet. 011 . 

The c reidistciit pulse contr -1 nas also been tested 
for the two tcroinial syeecuo Pig .18 shrus the response of tiio 
sycten when subjected t>. a stop ch.u^gc in the reference current 
rrniitudc sinil.,r to the case --c4« The rectifier tcrninal was 
equipped with oquidioxant j,sulsc controa and inverter tornineO. 


had iOidividarl pLoso crnxrcl- 


roSjjcnsc shown in Pig *18 is 


similar to that shovrn in righU oncept for the fret that tho 
oscillat ions in current and voltage arc ro.hacod in this ca.se. 

In all the test sinulaticns presented horCj the nc 
systen was nosuned to be represented b;^ a voltage so-orcc . 

The detailed representation of the iC systen including haramic 
filters is feasible by augnenting tho conputcr pregran. The 

detailed invcstigcat ion of tho equidistant pulse ccntrol v/'ill 

bo undertaken alongwith the detailed ncdel of tho hO systen. 




ly 


A ii^JVQl co.xvcrtux* r.,]vj.-ca-'nt -'.t i ■ 51 h'-;;.).'. wii ti'c i,;r. ,ph 
thoorctic annlysia is described', ''di.; co:'; ..lijo'c i:i 

dcvolopod. for d^mnnic uii.iul<''.tic>?i <■.{' in. 11, ■’r'DCl :.!yote'',j 

utilising the coiiTortor liOdcl, Ihc nr jr'ii ".I.;*''. U'elulos tl.c 
ropresentnti Jii of cuiivortor contr.-O.s us:ai;-; In I t)h;';sc 

control and oejuidistant pujsc cont.rol, .'md c.au ho used in 
studying- the perfomanco uf tiic c.jntrollor ujxcr v:'.rj.ous s;y'..tc" 
operating conditions. lie suits of To.rious test s'ia.iiuut I uis r.>.- 

tcminal and 5 tcrninoil sauple o^stoi.is are prcsoiitou. ij-pord' 
frora illustrating the capability of the prog iy 'idio result.,. 

indicate the need for the optiu'l dooi,;! ui controllers, wh.Loli 

is critically dependent on the systeio par.'ti.ioliers. 
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A PPEiroix 1 
ClJL‘53ET i:AmiG2B 


The oix cutset nutriccs ? each corresponding to 

the vnlTG considered in the t;roG, arc given 13010 ?/ „ Tho 
superscript j denotes the valve nuubor S, 



._LJL 3. .4 i ^ 2 

7 :-i ~1 1 1 0 

rB|]= 8 0 0 -1 *-1 -I 

9 1 0 ~1 0 0 

5 1 1 1 -1 ~1 -1 



I 1 5 5 6 2 

! 

7 I 0 0, 1 0 -1 

*8 ' -1 '-1 -loo 

. 9 » 0 -1 -1 1 1 

4 1 - 1 - 1-1 1 1 
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. 5 — : Jl 

7 0 0 1 0 -1 

8 -.1 -1 -1 0 0 

9 1 0 0-1 0 

5 -1 _i -,1 1 1 


.„ i.1 5 „_„ 4.._6 .. 

7 i -1 -1 0 1 1 

[ J = 8 1-1 - 1-1 0 0 

9 I 1 0 ' 0 -1 0 

2 t-l -.I 1 1 .. 


^iPPEIODIX 2 


SYOTBIl /'a-luJOrUHO 


hio TGrnin=^.l Syatcn 


The tv/’O tcrniiial eyotoii!, yit>5j is rjj'nthonifrcd fron 
the throe tcrr.dnr.1 systen oi‘ rcj'oronco 1.8 j by ncylcctiiif^ tlic 
torjTdnnl 3 of Pig .6. Systen 7 ilmuctoro used in thio study 
nro chuson on tho basis ofrefoibneo [oj . 


CoEMutating ronctanoc; 


=^o2 

= 0.055 

p.u* 


Snoot hing reactors 




Resist one c 

Sal - 

\2 = 

0.003 p.U 

Inductance 

bi = 

\2 = 

0.3 p.U 
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IraLiauiosion liiic; 

Resist aiiCG 

Indue tencG 

C'ap'j'.citancc 

Iiongtli 


r = 0 B 0508 -^^/nilG 

1 = 0.00324 i'V'allG 

c = 0.0091/^ PAiile 
= 800 nil'cs 


Cent rollers: 

a) Individual phase control 


iC, = 1^2 = 19 p.u. 

= 1^2 = 0.2 seconds 

b) Equidistant pulse contrjl 
5 = 1 .0 p .u. 

I^/Tr = 2^ I2 = 0*005 seconds 

OpG rat ing c end it ion i 
A, liiio-to-liac -0 peak voltfj^o 


= 1 ,15 p.u. , E2 

X-i = 15.46°, 9 c 

1,1 « ^d.2 ” 0.6 p.u. 


0.95 p.u. 

i r* O * , r- S 

15 ,.X • =5 

* Liin 


B. lino-to-lino AC peel: volt ago 

= 1*0 p.u.j E2 = 0.95 p.u. 

= 15.46°, - , = 15°, = 5° 

^ai “ \2 = 0.6 p.u. 

Oonvortcr 1 (rectifier) operatos on constant current control 
and convertor 2 (inverter) cn CBA control. 


Three Tcminal Syoten (Big. 6) 

Oomutating react one o: 

^c1 ~ ^2 “ ^c3 “ 0.055 p.u. 


2:5 


.Smoothing reactor; 


Resistance R 

'd1 

= \z “ 

^ d J 

U.OOC .'.u. 

Inductance I 

'd1 

= h2 = 

\3 ™ 

0 .i 5 

.srassion line 





Resistance 


= rj - Ij 

r- '/n )5 

03 '.*./:;i:Lic 

Inductance 


= I2 = 1^ 

~ Oooc; 

;324il/niio 

Capacitance 


= Cg = C3: 

=Uo 009 l 

HlV:tiile 


Length d-| = 500 miict-'!, 

6-2 = 500 miloo, dj = lOO nllcs 

Controllers; 

Individual phase control 

K.J = iC2 = ^3 = ^9 P‘^' 

^e 1 ~ seconds 

Operating condition; 

line-to~line 10 peak voltage 

= 1 ,1 p.u., ^2 = ^3 = 0.9 p.u. 

=15.3°,y,2=V^3 = 15°,.<,^ = 5‘ 

p *u# 

X^^r^O«4“4' p«H<* , 

Converter 1 (rectifier) and Converter 3 (inverter) operate on 
constant current control. Converter 2 (invertor) operates on 


CBA control 
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Protective Relaying 



PEOTEGTIVE EELAYIUG 
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^ • Belays General Ijiformation 

- 'i 

Introduction: 

The importance of relays for apparatus and system (including 
transmission line) protection are well knowfi. They work as sHenf* 
^sentinels guarding 'the system against abnormal operation* Ihe pur- 
pose of relaying can be stated in tiie follovTing manner: 

1 * By providing fast plearing of fault, damage to tlie apparatus is 
reduced • 

2. Any subsequent hazards like fire, loss of life are reduced. 

3'* By removing the particular faulted section, the continuity .of 
supply is maintained through the remaining healthy section. 

4- . By clearing the fault fast, fault arising time is reduced and 
therefore the system can be brought back to the normal state 
sooner • 

5 . Since the fault stays on the system for a very short period, by 
high speed relaying, the transient ' stability limit of the system 
is very much improved. Pig.1 shows the improvement in stability 1 
limit as a function of fault clearing time. 

To achieve all these objectives the relays must satisfy the folio— 
' wing requirements#. 

1 • Since the faults on a well designed power system are normally rare 
the relays are called in for operation once in a v/ay . Phis means 
that the relaying system is normally idle and must reliably 
operate when faults occur* Thus the relay must be reliable* , 

2. Since the reliability partly depends on the maintenance, the 
relays must be easily maintainable* 

3* There are two ways by which the relays mal-operates . 'One is the 
failure to operate in case of faults and the second one is relay 
operation where there is no fault. Eclay must be imiiiune from 

both# : 

4. Eclay must be sensitive enough to distinguish between normal 
and faulty operation of the system. 
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1 .1 Type of Relays : 

A number of relays are used for power sy tcni protection. 

Some of tiicm are primary relays meaning that they are the iir.et line 
of defence* These relays sense the fault and send a signal to the 
proper breaker to trip and clear the faulted line • The fault may 
not be cleared if the breaker fails to open or Inc relay ma-opei'cbcs. 
The breaker failures arc for two reasons. Paliin'o of the supt^ly to 
the tripping coils or a stuck mecimical lever. In tins ease, second 
line of defence to the power system is provided by the back up relays. 
These relays have a longer operating time oven though they sense the 
fault along with the primary relays. Relay operating time is defi- 
ned as the time interval between the sensing of fault and sending 
signal to the proper breaker for opcxiing. ht;civ up rel. ys ai’c rorraa- 
god in two ways* They are located at the same pl.ee os the prlm;‘ry 
relays (local back up) and operate the same breakers , Or they .are 
located at the another st-ation and open n different breaker. In the 
latter case the reliability is more but a longer section of the 
system is disconnected due to the opcr.ation of the back up rel-ays . 
Pig* 2 shov/s the location of the primary and b.ack up relays. ‘Here 
the remote back up is provided by multistcp primary rol-'ys and local 
back-up by a non-dircctional over current relay with delayed opera- 
tion* 

The likelihood of failure of protection equipment is as 
follows : 


Relays 

Circuit breakers 
Supply of wiping 
Instrument transformers 
Misc. 


43 percent 
26 percent 
18 purcc2it 
10 percent 
3 percent 


The relay failure is due to. 

1 • Contacts 

2. Open circuit , in relay coils 
5* Wrong sotting 





Some times the local back up rolaysoperato the breakers 
behind the bus* This is called the brcaker.back up* .local back up' 
protection has the draw back that they use the same d.c. supply for 
breaker tripping • 

Following are the common types of relays' used 'for apparatus 
and line protection* 

1 « Over current relays 
2 • Directional relays 
3* ’ Under Toltage relays 
4« Frequency relays 
5 • Distaned relays 

6 • Thermal relays 
7* Phase sequence relays 
8* Differential relays*. 

, , .All*- the ■ existing relaying schemes use either one or more of 
these relays with slight modifications*. 

Fig* 3 shows the basic connections of a relay* There arc two 

ways in vfhich the circuit breaker trip coil is onergiaod* One method 
uses the station battc-ry to supply the current after the relay cont~ 

acts close* This is shown in Fig* 3* In the other method as soon as 
the relay operates the C*T,’ secondary current flows through the trip 
coil and energise it. .This does not require a station battery and is 
used for protection of feeders* 

Fig *4 shov/s the zones of protection usually defined for a - 
power system. The relays in each zone arc supposed to operate -fault 
v/ithia that zone* This is called the unit type of protection. In 
this scheme the relays do not provide back up, for the other zone 
relays* So internal back up is necessary for each zone* This,, is 
usually provided by non-directional high set time delayed over curr-> 
ent I'olays • The zones over lap to avoid any blind zones.. The over- 
all system protection is divided into 

a) Generator protection 

b) Transformer protection 
a) 33us protection 

d) Tranamiosion lino protection 
g) Feeder protection 
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1 *2 'Relay ferminology t 

' 'Pick up ^ Min* value of operating quf-'iitity for which the 
‘ ’ relay operates • 

Prop out- Min. value of operating quantity for which the 
. - relay resets after it has operated. 

- Ability of the relay to d’oscriiDin'-’te between faul- 
ted and normal conditions* 

- To select faults only within the desirable zone of 
protection* 

- Ability to perform its function when desired* 

- The set max. distance of fault from the relay lo- 
cation which the rolfiy can detect* . 

- Ratio of the max. distance of fault from the relay 
location to the’ set distance for the relay* 

- — do — 

- Impedance of the line up to the reach of the relay. 

- Impedance of the fault ( imp ..dances) 

No time relay involved in the relay operation. 

— Time interval betv/een the sensing of fault to the 
relay contacts close* 

- Time delay' ’inversely proportional to the operating 

• i » 

' quantity# • ■ 

— Main relays 

- Supporting or supervisory relays 
— Another name for relay 

Phase comparator- Relay comparing the phase angles of -input quantities 
Amplitude comparator - Relay .comparing the amplitudes of input 

quantities"* 

^ Relay comparing instantaneous values of input 
signal • 

0 

- Relay operation produces blocking 

- Make the relay immune for certain faults. 

- Has two input signals 


Sensitivity 

Selectivity 

Reliability 

Roach 

Over reach 

Under reach 
Set impedance 
Pault impedance 
Ins t ant ane qus’ 
Time delay 

Inverse time 

Primary relay 
Back up relay 
Comparator 


Instantaneous 
. Comparator " 
Blocking relay 
-Blinders 


Dual input com 
parator 

Multi input 
comparator 


- Has more than two input signals 
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Seal in l*©lay 


- Relay contacts are by passed after the seal in 
relay operates,. 

•7 Indicator to show that the relay has operated* 

- y A Product of the relay coil 
“* Air core coil which convert a current signal 

to voltage * 

— • Which produces the proper rel^ signals from 
. the power system, 
r Formally closed contacts 
T Formally opened -contacts 

- Contacts other than the main contacts in circu— 

- it breakers . - - ■ - - 

threshold operation ~ Relay is about to operate • Fet torque is close 

to zero (i.e. fault has occured at the balance 
point) 


Plag indicator 

Burden 

Transactor 

Transducer 

F.C. contacts 
F .0 ."Contacts 
Auxiliary /contacts 


2 Circuit Breakers i ' , , 

The function of the relays as earlier discussed is to sense , 
the fault and energise the trip coil of the circuit breaker. Fow a 
days circuit breakers arc available with opnning time :of about 1 cy-- 
cle. These are called onq, cycle breakers. Pour types -eif breakers, 
arc normally used for equipment and transmission lines protections* 

1* Air circuit breakers 

2. Oil circuit breakers 

5* Minimum oil circuit breakers 

4. Air blast circuit breakers 

5 . Vacuum switches. 

The first is used for apparatus protection at low voltages • The 
second is used for feeder protection. Three and four arc used for 
high voltage lines. In the .place of air, the SPg is. also used. Air 
blast breakers for EHV lineshas become standard practice . They have 
a olcar.ing time of less than a cycle . These breakers produce v/hat 
is called as current chopping which results in over voltage on the 
system. Switching resistances are normally used with these breakers 
Vacuum switches for high speed fault interruption arc being introdu- 


ced nov/* 
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Por important lines the breakers arc provided v/itli a redo- 
-Sing feature. Ihe breaker after opening closes again after a pres- 
cribed dead time* fhe reason for this practice is tii-/G bno major 
pt^-rcentagO' of. faults on lines arc transient in nature* Shey are 
called arcing faults and dccur due to the conductor swining* There- 
fore, the- fault is automatically cleared. Even if the fault is not 
self— clearing, the arc gets extinghished when the line is opened • 

Pigj, .-^shows .the control circuit for the remote operations of the 
breakers *. 

3 .0 Typos of relays : 

Following types of relays arc used for various types of 
protection schems* 

1 « Electromechanical type:. 

Here the torq,ue on the moving member is produced by electro- 
magnetic action* Examples of these relays are 

a) Armature attracted type. This is shown in Fig* 6(a). 
Normally used as an instantaneous relay for over current or under 
voltage detection. Since the torque is non-uniform there is contact 
chattering and it has a high pick up to drop out ratia. 

' ■ b) Induction cup or disc type relays: This is shown in 

Fig. 6(b). The dii'ference between the cup and disc in the fabrication 
of the stator and the rotor. The torque is more uniform hero and the 
ratio . and-iths or ^tioiof pick up. to drop out is more Closer tc5 unity. 

This rel^ i® widely used for a large type of relay's.. Most of the 
distance relays are of this type.. We shall discuss these later in 
detail • 

2. Thermal relays: 

These relays use bimetallic strips .and the relay operation 
is based on unequal expansion of the two strips* These are used for 
apparatus protection* They are not as sensitive as the induction 

Cup type relays. Also their drop out vali^ is very low because 'Of 
l^ge thermal time constant.* , i., 


3 » Transductor relays: 

These relays use the nonlinear B ~ H characteristic of the 
magnetic core. Transductor implies variable inductance. When the 
core is not saturated, the coil offers a very high impedance and when 
the core is saturated the coil will be almost a short circuit. 

These relays are discussed in the following chapters.- 
% 

4 . Roctifer bridge relays: 

These relays also use the electromagnetic action for the pro— 
duction of torque. The .signals to these coils are obtained after 
full wave rectification. These relays ..can be_used both as amplitude 
or phase comparator. Big. 6 (c) shows the rectifier bridge comparator 

using signal amplitudes for comparison. It can be observed that if 
^o ^ coil will have a net operating torque and the relay oper- 

ates. Big. 6 (d) .shows the operation of the relay as a phase compara- 
tor. If the phase angle between the signals i-j and ±2 is less than 
■^72 the relay ■ operates . In this case one of the signals i-j acts as 
the polarising current and permits only one pair of diodes to conduct. 
By suitable choice of the input signals, different types of relay 
tiireshold chardcteristics can be obL'ained. These are used as multi- 
ple input distance relays. Details are discussed elsewhere* 

5 . Electronic relays : 

The relays discussed above have moving parts. Due to these 
reasons, the electromechanical relays have some inherent drawbacks* 
These are listed below; 

a) High burden on OTg and PTg*. 

b) High operating time due to inertia of moving parts. 

c) 0 on tacts pitting. This results in bad contacts and 
relay mal-operntion. 

d) Contact racing. .This is the result of the inertia of 
the moving pr-rts. Due to this, relay co-ordination 
become dlCficult. 

e) Require frequent maintenance. 

f) Affected by vibrations and shocks. 
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Moving contact rela-ys operate due to external vibrations 

like' seismic . shocks • 

« 

Due to these drawbacks, power system engiLiccrs have i:ried to 
induce electronic components for fault detections in the place of 
moving elements* ^ These' are called static relays# The advantages of-, 
the electronic relays are: 

a) Low burden on OTg and PTg. 

b) lo moving contacts. Therefore all problems due to inertia 
like high operating time, contact racing are avoided. 

c) Require less .maintenance 

d) Rot affected by vibrations and shocks etc . 

A detailed treatment of the electronic relays is given in 
the following chapters# 

After the advQiitjOf the solid state .devices'^ olicctronio 
relays have given way to solid state relays. Solid st'‘tc relays have 

all the advantages of electronic .relays and in addition, they are 

* ' 

compact, more reliable and do not require high voltage power supplies. 
Row a days, many relay manfacuters are making solid state relays 
They aro also enable to adoption of different: types of protection 
schemes. By proper selection of relaying quantities, it is possible 

to obtain many desirable relay characteristics. Those will be 
discussed later in detail* 
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Ft ^5. RF-LAY COMMECTIONS 










CC-- Coil TC-. TRIP COIL 

; RtvLRSE REL^y Fbax CLosin}<; Contacts 

CL -BRCAKAR P\UX>l^Aj2y ?WITCSI/?S p REL^y CONTACTS 

C'= CLOSING SWnciM manual TRlPPlNCj SwIITC-HMANOHL 

R^T.ClRCUlt RREAKFK CONTROL 
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General Purpose Static Relay using Digital Techniques 


A I K,®!lo|» Nophumittuu 
Dtr I P Singh, /^Itsm&er 
ti'r G K Dubey, ftif&w 


To achieve efficiency md economy in tr^nsmlcsion, ike irafiminmn voivi^e is being steyiiei vp ;r<a 
4Q0 k V fransmission lines itre aSremh in opemtion in lome .s'tewi, sncU as UT. Mahoroshua and MF, i {■:. 
i‘hr the protection of stMth EHVjUilV lines^ reUable^ fast opor&siitg nmi compact ttittyinp scheme r- 
iteedid- This p^per deals nithn new relaying scheme using digital rircaits with CMOS hgkjcr thfyic'te- 
(ion of EMVIUHE lines, Tnis relay has hun daignedt ibSt'ioat'iduetJ .iMsiessfiliy tested in the iabeu- ttre. 
This relay scheme is expected ts he Mw, at ccmj.vred to th? (xhimg ones. 


f «ffi clfXJk frequency 

-■K Qdtfftxa! oposUitig frequejicy tc« ± <»0*' 

i'. iii 

-3 d ibired frequency to gjve variable ooeratiag 
criteria 

.'i, =» s; stem fault cuiamt referred to CT secondary 

, . -• V iltage coefficient 

Ak .: f( plica arc resistance ^nmintunt ralxse c.i'* 
peeled 

Sn /?» ••-■ s'auiJoidaUy varying sis«v;,i!; 


their high speed »f operation, accuracy aad rchabilitv, 
practically ao smmtenance is needed once it is out iiiio 
servtci,-. Thi fciays*""'*, genet ally, use analog devices whkh 
give delayed operatson at threshold condilion. The 
operating time ts a fuai.-tion of piuisi* diaplacertient and 
tecomes infiasly at the boundary condition. This creates 
a serious relay* coordination problem®. This drawback 
was overcome by Rantarnottirty and by deveteping h 
C omparator in widch the response time was kept 
Slant. The authors used digital techniques and ITL logic 
circuits. This relay was capable of generating many itit- 
portant characteristics such as ohms, directimsal. mho, 
restricted ohnt and cUiptical characteristics tsing variab?'': 
angular criteria for operation. They also obtairisd 
qiiiadriiatcja? eharacterl'tiic, ba«ed upon mulU-mpui 
coincideaire principle but m a different way. The digits! 

appeared io be go'od :u ftrsi, bat detailed stud 
showed the following genesi^i drawbacks ; 


5\ .a, system fault voltage refe^^■«^d to P T secondary 

.“’.'c iirtpcdanw seen by reS.'ty (■•cferufd to simi* 

dary) 

■ r ■olk.a, impedance 

- phA :e anpk bftwwcn vhese KignaSs 

- a rtpular criteria 

|1,, ^5a - {iii^jdar liuhli, of pltasc comparison 

k ■ toincidetice angle 

mnolwcnm 

Static Jistinc:'! 1 'days are commonly nsed for the, 
proteciion of i'.iJV/lri’f'.’' tr* ns''ri'-sio*'t Oac to 


(t) TfL gates u^'l ere sensitive to spurious 

low aatnuttiiy, thus the relay 

couW be f.Ajstfi. la iranskiUr, and line dintmh. 
anecs. 

(it) The basks comparator circud app«trs to be {..ora, 
complicated, using Kkore conipcEtoffis, hi->vx, 
U.SS reliable, atjd also uiteconomicai and slow 
in opentsion 

{lii) Thwi same relav fcoinparator) may stot 5se used t« 
obtain quadrilateral duracierlstic. 

Siv) Th seisift cosapanitor wwmot fawtioa both 
card ne comjsara tor at id slnq compaf - 

"fhe.'''.;' drawljacfcs of existing digital relay an be 
ftiimijiatcd by using CMOS logic and simple rctey 
cifcuif This, fcqtjic presents the development of ab iffi- 
•i.rO''td djirva! tday and techniques fcfobtainittgdtffer- 
fiil i!.u.'.liold ekaraftferisites. Effotls have been nmoe 
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aomy sail reuaouuy wtut >„s . . 

IN provkfed so she fai'ae relay bn u'-c, J as siiic 
ccaipr.rttior and can catci to addition-il retj'jiuti.'Wi;):- 
like power swing blocking, ei<', 


!MFKO'V£l> 0I€STAL CCWAJlA’ruK 

The coroparatoi' de-icjib«d i;. ..uj tr,: : _'-s ■ / - 
average type v/ith minimum operating lime of‘ 35 rn sec 
under steady state condition and maximum voperating 
time oi' 25 ro sec under dynamic conduit; :t. H is fmo 
from the dc traasieci coniponeni <ippeo.i'ini' ut luc iuaU 
current and hence this is bound to give beUet^ per- 
formance under transient condition idso. Power sv/Ing 
bkx'king can be applied through AND gale Ap The 
noval tcaiurc of the comparatoi is Uiid it cun be n ‘Ctl 
as sine and cosine oompaiaior and ahe as a muUi input 
comparator giving any desireti fharficScristic. Apart 
from being used as single phase relay with slight modi- 
fications, it can be used as a polyphase relay; thus giving 
ruUitiwual advantage of eccnomy and iKise m 
coordination. 


Operating i^mNapuE 

The two-input or muhi-input phase conipaiator deve- 
loped is symmetrical. In geneud. two-input phase ti.m- 
paralof iaiicates relay Itipping when the pliase angle® 
satisfies the condition 


The phasu angle < is posiiivc when .-.igr!..! Sj jeads Sn, 
and is negative when Si lags S^. In majority of applica- 
tions, the angular limit of pkvc eomparisen ttnd iSj 
are 90® and such comparators are called as 90® phase 
comparators or cosine comparator. This gives a {iirec- 
tional characteristic, the trip area being on light -ide 
far the variable signal Si as shown by Fig i(a). Tlie 
coincidence of signals Si and S* (ItiO - <), it moie than 
90®, initiates relay .lipping. Tne tiipping level is ah' )sl 
set to aero, and hence tJw lespon-c linic i;, mi-ic 
less, the same up to ± 90® o'jiphasc displacement. 

The same tripping characied'.iics v!r,\ he obiainiwl hv 
taking signal *-5| and and measuring the ami- 
coincidence between them, Tripping occurs when, 
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Urw.wno.'! <»■' t','uiviPAR-M'-..u 

The schenvbk (ii.agnu'.! mi digiiid p.'iH'c u’nn’.,- 
i.S .ill<J-.yn .11 1 Ig J. Ml)'- flop I'-l ■> il-’.'i -I' s-r's'h'll 'li/ 
vvheicas i''-2 n- intogj fe made, {!„‘i:;c. ihc nr-t ..'d 'i 
F 1 operiues the auu.omiihi M-' .’iv* sect atii-- 
ti,neu'iU;.s M'2 in such v i y ihd, thcic (.''■i- ;-. m 5« a-.- 

diilcioncc of hur (10 m ‘...-c ciutiuicn} lictw.-!..! tlf. .i,;- 
pu's of M-l ,inri M-2 Kfonaniulti M-l .tn-i M i ■; 
u-ed us puhe stiei'h-,! uLo->i; A.NH s.oi:' 

p, Minded o>' gate .A-2. Tin - ijv; i.n'.i-i i..,-, of.tm 
U»;,duelo*lcul!'-cl mitriH, - picvculcddiuinj.’ ihic-'hoks 
canduiv.nl, 'I'lio AND jtnit} A-.'! is. used u» Wm.-i die 
opciiuion of relay dunnij povVi-r swh'.p. N'cir".by. ihc 
conlrdl iapul ot' A,-} is -.el a! logic (i) hut bctoii es (Oj 
due to 1 he dlcct ol pawci swing. {Icurc, the A,N[3ti.<({* 
A-3 decs act pass sigiv-.i and so no fiU'.pM mu'- fin;-! 
AND gate A 2. 


The sinusoidal inpm.s St and S^, id'icr being c.oave.-led 
lo.'-qtian: lUtisc, me given u> Dccltssiw-OR tiUc (hix-'OR/. 
Thu-, lilt- Q vnUOUl ul h-! is liu, racn-iac of a.uti-. ‘nnei- 
dcilcc (F.x'ORt o'ii.-’t.a,-. Q -s ffi-* jitcllsurc .i! t,ivinc<2e!it‘c 
i.ANDf Mt>k|. Tuc mu-v..ui!n.g cap.i.'ie-i i-. repi-'uc/'- by 
gii.c .A-l and b,!ia!'i' caumet BC 1 a.nd liiJ-2. 
Two evninie-is .a s la incu-ve Uie icr.'-iie'ity "I ir.c 
compaisitor (r,cra k-veldctv.e(iiMU TJU' I'itu kpulseMfic.''!!- 
cho.sctt 1 iwt 64 o.s arc rei- ■ c' ! in .s m ■ c. tle.u!! ior, , A’ 
tutc-jK)*c., to ij'Vc 1* 'HJ" <si'-etaling cuhstia. I'hi . t'lVes. 
the itoinud opci-'niag ckicl ficqucucs J,, a*. ;2!> klTii 
The variable angular criteria car. ijcobuiincu by thauac 
of clock, frequency. 1 Tut-e, 


If « 90® then ft' » 270®; thus 270® > » 90®. 

Hence, the same comparator functiens as sine com- 
parator ia which tripping occurs when — leads Sj by 
more than 90® over a range of 0 to ISO®, The waveforms- 
are shown by Figs 1 (b) and (c). 



fig I (fl} Itmts flwrf *»»* 


/i Aft l^O-p., 90 

7; " A7 mnt 


m 

The above relation can be used to find out naw clock 
Irequency so as to give different operating criteria ft. 
Hence, the relay can generate restricted directional 
restricted ohm, and elliplkal ctoractcrisiki-- by us-ing 
iwo-inpat comparator only. The same coiiqwt lor 
can be used as sfne comparator by inverting my tmr 
input (preferably ft) and taking Q output of Flip fiep 
F*I. The operation the relay as cosiiie comparator 
is shown in Fig 3. 




m i/t 



fig 2 Schemtk diagram of comparator 
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fig i Operation of comparmr 


0) Coincidemc > Antiwincidemc iOptrting eomiiimf 


APPLICATIONS OF COMPASATOIt 

The compara'o: can generate ttany important charac- 
teristics by giving suitable signals through measuring 
circuit. Transactors are used to simulate the line im- 
pedance. The following arrangement (Fig 4) is used 
to obtain dillerent signals required to produce the 
desired characteristics. 

PmTiucrEo DmtsenoNtM. RetAV 

The inputs to the relay to obtdin directional charac- 
senstie are 

Si K and S’, - /Z* 

This gives a straight line AOB, passing through 
origin O, as relay :ha'*»:teristic (Fig 5) with normal 
clock fi'cqufttKcy/o operating criteria of ±90 . 


Restricted directional cliaracterlstic can be obtained 
by same signals, by change of clock frequency from 
h to/t and \ in such a way that ; 

/. ■■ 2§U ^ 

90 90 

a= 90 ( 2 “ ^ and -- 90 ^2— ^ (5t 

Hence, any operating criteria and threshold character- 
tstic.s can be obtained by change of dock frequency. The 

limit of change of clock frequency is from/» to p which 

is easily obtained by frequency- dividers or variable 
potentiometer. The restricted directional characteristics 
are shown in Fig S. 
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fr the inputs to relay are —Si and Si the lelay I'unc- 
lion.'- ss sine Comparator with same opera' ing piinciple. 


ResTB»cta>;OHMs Reiam 

The inputs to the relay, to obtain v?rie*y of charac- 
lorislicB, such as ohms, retvnance and restricted ohms or 
angle impedance, are 

Si *“ i Zg “* V and Sj i Zg 

Characteristic APB is obtained if angular operating 
criteria jSo is ±90®. If the operating critetia is jS, and ^i, 
the characteristics A' PB* and A* PB" results, if the 
.signal !Zr has a pltasc angle of 90® with the horizontal 
axis, the resulting characteristics will be a reactance. Any 
type of characteristic can be produced by varying ebek 
frequency ia such a way that 

j3, 

ft 

Vm sine eomparattxr, the iaputs to telay are 

V tZg and S, « IZx •' 

and the above theory holds good for this case also* The 
cltara0«risti«» are shown by Pig 6. 



Offset EtuPT'CAi Mi to Reuav 

It is the starting element for a 3-.step_distancc relay 
and avoids malopcraiiondue to posver swing. The inputs 
to relay are 

Si ^JZn-V 

St V,k<l 

This cen give variety of characteristics by varying the 
operating criteria. If the operatiitt criteiia is P<> (±90“K 
the resulting characteristic is offset mho as shown hi 
curve (1) of Fig 7. 



The offset elliptical characteristic can be obtained by 
varying clock frequency from fe to/i and/j to produce 
curve no (2) and (3) of Fig 7, with operatinf criteria as 
;3i’tnd fit. The relation 

as 90 ^2 •• ^ , 

ft«90(2-^) 

#1 < ft < ^» < 90 ® 

also valid for t^s case. 


S'j ta F — JZ|{ and » F + Jfc iZit, k < 1 which gives resiricied ohms characteristic APB with 
and above theory iuilila gop d for this case also. a.se>peFatiag'Cdteria.4^ie4ange„o£ihis-c^ 

-- changed by varying the value of Zr so that it lies in 
Quadrilatbrai, Relay usinc Two Comparators 3rii zone of the relay. The input to comparator B arc 


Fig 8 (a) sljaw.s the basic scheme for obtaining quadri* 
lateral characteristic Two comparators A and B are 
AND compounded to obtain the dedred charaef eristic 
AOBP as showtt by Fig 8 fb). Tnc inputs to comparator 
A tre. 

/ZR-Faml5. «/Zfi 




FiSi S {by formal iharacteristics Fig B (c) Starling characteristics 

which gives resTictod ohms characteristic APB wi<ii 
jSj as operating criteria. The input to comparator B arc 

5 » -= !Za^^rKdSt =» V 

which gives restricted directional characieristic AOB 
with cpciating crileiia of jS*. The outputs of these com- 
puraiois aie, then. AND compounded to give final 
characteristic AOBP, By choosing appropriate value of 
ifjt and Pi and Pi, better thershold characteiisiic with 
iitiy shape can be obtained. 

The inputs required for sine comparator arc 


St --- / Z«3 Si I Zh» 4- V, that is, / z«' -h V 


which gives rcatricted directional characteristic ANB 
wtlh Pt as operating ci iteria. The output of these coin 
parators aie then, AND compounded to find charac- 
teristic ANBP as showii by I'ig 8 (c). Any desired chai ac 
teristic can be obtained by cliangrng Zr and pi and pj. 

The sine comparator to produce the same characteris- 
tic with same theoiy of operation will have the inputs 
as 


Si^V- iZgtl St - iZati St = IZbs 

,5* « - (kiZm + F) - - {iZa’ + V) 

where Zr '■= k Zrj and k <t. IZgt is common to both 
the comparators, hence, only tiiiee inputs are needed 
to produce quadrilateral characteristic as with cosiui. 
comparator. 

Quadrilateral Characteristics with IiiuLTi Input 
Comparator 

A two input comparator, using Ex/OR gate, can be 
modified to take any number of inputs, by usitig inuiii 
input Ex/OR gate J,Fig 9(a-d)J. Four-input comparatoi 
i-s optimum which can give any type of qoiidrilateral 
characteristics. As multi- inp ut Ex/O R gate is not avail- 
able, it is subshuted with AND 1 N(JR logic and rest 
of the circuit remains unaltered. The inputs which aifc 
not used are, lied with available signals and the func- 
tion of the comparator remains the same. The basic 
arrangement for multi input comparator is shown 
in Fig 10 (a). 

The input signals needed for quadrilateral characteiisiu- 
arc (used only as a direcitonal element) 

5, F;Ss = /Riz:;;5s- F; 



fig 9 rfl) MuliHnpat relay 


6', - F - /Z*: St « IZttl Si JZr; - - F. 

which will give same charaiteristics as discussed above. 
It can be seen that IZr is common to both the com- 
paiators and thus, only three inputs arc needed to pro- 
duce quadrilateral characteristic. 

OfWBT QUADRILATuERAL RELAY USINO tWO COM- 
PARAftmS 

Oftset quadrilateral characteristic is required for start- 
ing element of S-zone distance relay which can be easily 
obtained by modifying one of the input of comparator B, 
hence, the input to conq»arator A are 



Fhi 9 (b) Norml eharact^isik 









fti (a) Mifdykd mho relay 



SO (A) CAaraeteristies of earn- Fig 10 (e) Final e/uraeteristies 
paratorA 


Zpi beitig replica of line impedance used only as a direc* 
tionai elemenl. ff a and operating criteria 

is ±50®, the resuUing cbaractcrstic is as shown in 

Fis J0(b) 

This cbaraoicristic can be made more compatible if 
tlie Input signals to relay are 

Si « iZni - F; S', « M |0; Sf, - V’, S'* « SZ^t 

Here, s^le« is set equal to zero by a pot only and the 
operating criteria =« #i. This change yields the 
characteristic as shown by Fig 10 (c). 

The resultant cluractcristic can be further modified 
if the inputs to contparaior are 

St « iZxt - F; S, « M ; Sf » F; 5* « iZm 

Tlw opert^ia®; criteria < % so that a -= jS, 
aod the rcsultitig charaeferistic is as sliown by Fig 10 (d). 
fli^ ehatacteristic m&y be useftd for bus bar protection, 
are mistaatiie is ,generatty <d}sent. By proper 


taosce oi a** »*»» 

threshold chhiacteristr wn be obt&iafid. 

MO0lFi:ED bfHO REtAY 

Tlte classical laho characteristic can be modified and 
the effect of power swing can bn completely clhminated 
by using Winders and rsdoptinf suitable operatiiig crite- 
Thus, the inpuHi to the relay ate 

St ■« JZx ~ F; Sit IR: St “-=* K, and Pt < 90® 

'i.'ki u iatps'-doncft 2 x 1 be changed to 2«, 
after the Kcnc-l lime delay, and the operating cirtetia 
Pt are kept cqiuil to fix. Stir sivapping the characteristics 
as shown by Fig 10 (b). Titc rcsdiing characterisli’s 
resembles quadrilateral characteristics. 

A separate comparator could be used for 3rd zone 
protection in normal way, bat having operating 
criteria as Pj winch should bo less than ft. if the inputs 
to this comparator are 

St IZu ~ F; St >» mm 4 V; and ft < I?, < 90" 

then tile resulting characteristic is as .shown by Fig 
ICKc). The shape of the characteristic 3 is elliptical which 
is very narr(}W and hence immune to tripping due 
to power swing. This could be an ideal starting chasac- 
teristic for earner frequency to clear end zone fault 
quickly by sintuhaneous tripping. 

The block diagram of modified mho relay is 
shown in Fig 10 (a). 


RELAY TESTING AN» PERFORMANCE 

The digital relay was tested statically due to non- 
availability ot' Dynamic Test Bench. The dilFcrent 
characteristics were plotted as shewn and found to be 
very close to the theoretical characteristics. Hence, 
smooth cwvcs arc drawn passing through the test 
points. 

The directional property of quadrilateral and modified 
mho relay was found by inverting signal /Z«, which made 
the relay inoperative in reverse direction. The relay 
remains upi»rative aown to very low input voltage; but 
does not operate when the voltage bwraes zero for 
two inpaf. comparator. However, for multi input com- 
parator, the relay remains operattveeven if the voltage 
oecomes zero. 


CONCLUSION 

The paper describes the theory, principle of opera- 
ticn and applications of the improved digital ptese 
compsnator which could be used for variety of applica- 
tions, specificidly, ih. iwo-input mode, giving identical 
characteristics as obtained by cosine comparator. The 
resulting relay is fast in operation and at the swe time 
no time coordination problem arises as the maximum 
operating time is of the order of 25 m sec at threshold 
condition, Ti» relay construction is simple, using IC’s 
and logic gates, which makes relay ecaaoiacal and 
reliable. The same rtelay tan produce any desired charsc- 
teristic, sints^ by change (rf input %n»ls and oper^ing 
criteria. Thts relay cotid be teed a.s polyphase relay 
with slight mqditetioas,, giving, economy, and also 
ease In relay cewdiaatsom . 
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SUMMARY 

Almost all the algorithms propottsd so far 
for the digital protection of transmission lines 
are of the distance type and involve the ex- 
traction of the fundamental components 
from the complex post-fault waveforms 
through the iiiw? of filters, whereas those 
based on the travelling-wave theory need 
only a short data ivindow and no filtering. 
This paper presents two new algorithms of 
the latter type along with the results of 
digital simulation tests which confirm their 
viability. 


1. INTRODUCTION 

Because of recent advances in the field of 
minicomputers and microprocessors, digital 
protection of transmission lines is going to 
become a reality in the near future. Digital 
protection uf transmission lines provK' *8 
improved performance in terms of speed of 
operation as well as flexibility of obtaining, 
with ease, any desired composite threshold 
characteristics. With suitable software logic, 
the protective schemes can be made self- 
checking and, with modifications only to the 
software, any desired alteration of the thres- 
hold characteristics can be accomplished. A 
considerable amount of work in the field of 
digital protection of transmission lines has 
been reported since the late i06Os. This has 
been confined mainly to different types of 
algorithms for computing the imp^ance 
between the relaying and fault points as 
accurately as is tenable with high-speed 
requirements. The algorithms proposed up 
till now can be broadly claasified into two 
groups: (1) distance relay algorithms and (2) 
travelling-wave relay algorithms. 

0a78-7796/a4/$3,0O 


The post-fault waveforms in the fii.-vl one 
or two cycles after the .H-eurrenct- of a fault 
comprise a {)ower frequency fundaeientaf, 
an exp<jnentian> decaying DC component, 
and high-frequency transients. They also 
contain subtransient and tran.sient power 
frequency components if the line faud is 
near a generating source. The first categoio' 
of algorithms involve computation of th" 
impedance between the relaying and fauit 
points from the fundanumtal coniponent.s of 
the voltage and current old.ained Iry suprsre-', 
sing other components through filters and 
line modelling, whilst the second t'ftlegory 
utilizes the complex waveform.s a.s they are 
for making relaying decisions. In this paper, 
a brief and critical overview of the distance 
relay algorithms is given first in order to bring 
into focus their inherent limitations. Next, 
two new travelling- wave relay algorithms, 
whose viability has been tested on a digital 
computer with the fault data generated by 
the digital simulation of a sample ptjwer 
system, are presented. 


2. OV^iliVlKW OF THE DISTANCE RELAY AL- 
OORITHMS 

These algorithms aim at extra<ting the 
fundamental power frequency components of 
voltages and cuirrent.s from tlse complex post- 
fault waveforms amt then determining the 
impedance between the relaying and fault 
points. Basically, there are four digital 
methods of determining the impedance from 
the fundamental components. In the first 
method, the magnitude of the impedance is 
calculated as the ratio of the peak voltage to 
the peak current and its argument as the 
difference between the phase angle.s of the 
voltage and current. The peak values of the 
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voltage and rurrent and the phase angle b(‘- 
tween^hfii) can be determined either from 
Kuniples oT' -the. fundamental components 
extraf.'ted from the erifit-mble of samples 
(X/ilected over one full power frequenej 
per.od 1 1 !, rr they can he predicted from a 
much smaller number of ..s'-npU'-s of r,c fou 
damental components by means of the 
values of the samples and their derivatives 
|2|, or of their first and second derivatives 
[3), or of the samples and the sampling inter- 
val (4|. In the second method, the fundamen- 
f.u! .jornponenis of voltage and current are 
detenrined sn the phasor form, from which 
the real and inraginary parts /f and X of the 
pseudo-impedance seen by the relay can 
easily ix' evaluated |5 ■ t.'lj. fn the third 
method, the line is modelled by differenfiai 
equations, the numerical solution of which 
vi' hii, the values of R and X 114 - 19 ] . The 
advantage of Uits method is that .-f j.s neces- 
sary to filter out only those components not 
covered by the line modelling. For example, 
if O'c Smf- ir' i^odelled by c- ^erh»; PI circuit, 
then tnere is rm o*-'Ki u- liiU'i i,"'i Ua- iJf! 
offset component. Also, this method allows 
o!;.' h deal with cases like series-compensated 
(.‘i.f , . j. 5>*'l h* iifc /•vui'ru the 

impedance js ueternurivd diiv-,^Siy in pliusor 
form from the ratio of the frequency-domain 
the fundamental components of 
die vuliagt anti » inreiit by tiit; hmU* li'cms- 
form method {20}. All the methods which 
require samples over one full fundamental 
period for the computation of the pscudo- 
imped.mce c fer no economic ati vantage n 
comparison with solid-state iciays. ihe un- 
wanted <'<imp( merits of thi* post-fault wave- 
forms are suppressed by various types of 
filters in order lu c;I Lisn tit'.’ ft'otic’-iicntal 
components. Both analog and digital filters 
vvhii!h have been propored and/or used for 
this purpose are describini in the following 
sections 

2.1. Analog I Utirs 

The mimic impedance used in the current 
transfor.’Tie'.- si'condary plays the role of an 
analog filter ina.smuch as it fillers out the DC 
offset in the current signal. Complete suppres- 
sion of tlie DC offset is, however, impossible 
since c.x.act matching of the X/ii ratios of 
the primary and secondary circuits Ls difficult 
owing to the fact that the XjR ratio of the 


primary csicuit up to the point of fault is a 
varialiSc. Some algorithms |2, S, 8} assumed 
employment of this filter. RC low-pass filters 
witti a suitable cutoff frequency have been 
used to filter out the high-frequency compo- 
nents in the implementation of same of the 
algorithms f3, 6{. The fact that a single an- 
alog filter iMnnot suppress all the unwanted 
coniponents and that these are slfiwer than 
thi* digirid filters led to the development and 
preferential use of the digital filters. 

i.2. Digital fiUars 

The various types of digital f'hers whtJ n 
have been proixised and testi'd are dcscribcrl 
below. 

Notch filters 

Twe onhogotiol notch filters viith si'e- 
characteristics have. bei;n used lo cxtrac? ihe 
fundamental components after elimination o" 
the high-fr^'quency ctanponents by an analog 
low-pass filter (2, 21 1. 

Selected karmonk; filter {17 1 

tVi'iilc the differential equatsons of the isne 
are being solved by numerical integruliofi, 
the jni.egration is ca.O'ieU out over a cerl;u-i 
of overiapping suh'mtervals , with 
required end points. This results m the eiinii- 
nation of certain bsrtnonics and their mul- 
tiples. 

Leasi-square-erntr fiUet'S 

In one type, ihc deficiency in n oddlirtg 
the line i>y difb rential equatious is lf<‘avcd as 
an error and sohstion of the model pararntters 
is obtained subject to mimni station of She 
mean of the squi^e.s of this em.>r over the data 
v,nv.k-w i L j, 19|. In another type, a poly- 
noiumi fit {fur exampie- ;i straight-line fit over 
three points, a quadratic fit over five points 
or a cubic fit over sev<*n points) is determined 
subject ri* the least-square-erro'i- criterion 
8{ By differentiatme this ptslynomsid. tb-,- 
necossary lime CtPfivativtJs can be foiuiil. in 
yet another type, a waveform containing a 
decaying DC rJ'fseij riie fundameuial and u 
deshed number of Smrmanic <*o{iipont'nts- are 
assumed and the least-square-error critenon 
is applied to determine the unknown p‘ar«' 
metens of the fundamental tomponmi |.IU, 
22, 23 1. All these filters ate father slow and 
their accuracy depends on the data window 


as well as the number of samples per cyele 

i24i. 

Orthogonal transform filters 

Of these, the Fourier transform fiiu?r is 
the most widely used; it utilise« siiie ■■e'»u 
cosine functions as an orthogonal set (1, 5, 7 - 
9, 12, 25, 26}. Thi.s filter suppresses all the 
unwanted components and therefore offers 
the best accuracy, but it rwjuires a data 
window of one full fundamental period. 
However, filters employing data windows of 
half a cycle and le.s.s than half a cycle with 
tolerable errors have been propo.sed j8, 12), 
Filters using odd and even square waves i?), 
Walsh functions |lHi, sample values and their 
dt-rivatives }2j, and the first and second 
derivatives of the samples [3i as «>rthogonai 
functions have also been proposed. 

Finite transform filter ( 20 ] 

The fundamental frequency impedance i.s 
determined over a finite data window by 
earvying out the filtering process in the fre- 
quency domain through the use of the finite 
transform method. 

Kalman fillers 111 ] 

The non-fundameiita! compom;nt.s in the 
voltage and current waveforms are considered 
as noise signals. The nois«' .signal its tiie voltstge 
waveform is considers’d as a whits* noi.st* 
sequence with decreasing varianct'. and that 
in the current wav{*fonn as an t>xponentiai 
process plus a white noise sequence wi'h 
decreasing variance. Then, a two .uU Uua.uU; 
filter is used to extrzei the fundarnentai 
voltage phasor, and a three -state Kalman 
filter to extract tise ri.ichmi' ••h.‘ 
phasor. The etror in this filtering process has 
lieen reported to be lt*ss th,an 1% after half a 
cycle. 


3. TRAVELLING-WAVE RELAY ALGORITHMS 

This group of algorithms uses the complex 
post-fault waveforms as they are for making 
relaying decisions by means of travelling-wgve 
techniques, Two distinct advantages are 
offered which lead to high-speed operation. 
First, there is no need for either analog or 
digital filters and consequently the time 
delays a^ciated with them are €«!iminated. 


Second, a very shc.rt dal.i wic.dow .u- .' »■ 
employed. As a matb r of fa<'», liu* •.icuoiluK 
interval should be sir-all cKo.jj'h iu ;.c. -d 
aliasing ermr.*-. The sainpluij' freqiieiicy 
be at li'a.st twice gcraf a.s tiu‘ cutciff if.- 
quency of the transducers in or.ler to inn-d 
aliasing errors Thus with a •-.irretit v./lt.rg 
transformer ol cutoff freejuency 2.5 kii.',, ti'c 
sampling frequeni’y shn",].,( be at Ica.st ;> kl!/. 
and thi* sampling mlcrval 2tH) ps. !t re- 
ported (27j that .such ;t ''.aoiphiis' nib-rcai 
may not tie aiU'quale to carry out tne m- -es 
sary <iigital imn!eniei>i;t{i<>n Houev-'r. ■' ■. 
believed by the auln-n-. tfun wilti the hiidi- 
Rjiceti anaiog-to-digital convers on cquinnici.l 
and dig't'd lompu'crs .tvadalle at pr-s -it. 
til's sampling mterv'd vroidu he ,■••.4 oi 

uerhe and .store the six tbg-uil : an pies i-' d*. 
phase voUage.s .md hue eurrenis an-i i'l < niv 
out the sine, lie fault -d-dci lion algi-ritiuri i! 
sentx-d 111 this paper. V'ery fcv\ algond-nis -n 
this v'ategmy have tieen pioposcd so f'm j’-lHj 
most probably owui!'. to tiie fa<d :t:a! tie 
traveiling-wave relaying -'oncepl is rdativeij 
new, 

Two ,1;'',' alg'-rithnis ii this category are 
I're.'icntisl in i.tus pap-er. fine is tia'i-d on 
araplitude comparison of tlu* relay input.s 
and the other on a fault-loceting r>‘lav (29, 
•‘iOl. Knch algt.ndm; can be .split into tw<! 
parts, fault Uehrtion nM relaying Tlu- iauU. 
deb’ction algorithm is common to both anti 
therefore i.-. de.scrilM d first. 


i I'AUi/r-oKfw TioN .'tbciGRrmM 

This algorithm is similar to that prop').sed 
!■', 1 id .’'forrlson (31}. One counter IS 

provided for I’ach phase voltage. Ttie riiffer- 
ence between the currently sampled instan- 
taneous votiagi' <,<f t>a<rh p'ha.se and the co.ne 
spondiag one in the previous cycle twhi« U 
has been stor(*d) is computed and storeti. 
'These differences, up to one cych- after the 
occurrence of a fault, are the fasill general e.I 
components and are used in the relaying algu 
rithms described later. If for any ptiai-e thi-s 
difference Ls greater tlian tiie prcvitniRiy 
stored value, then the counter of tiuit ptr-isi 
is incremented by 1. Olherwi.se, the counter 
is decremented by 1, if it ia not alrt-udy. zero. 
Hie latter ensures that no maloperation tak*’.-* 
place due to .spurious spikes. Whon the 



countf-r of any ph.'ts«‘ roaciu's a prcKf**. vaiuf*, 
a fault is assumed to havt ocrurred. Hum. 
the sampling is suspended, the transmitter is 
switched off from other jobs and the relaying 
progam is execut<Hi. The s<‘tting of eacit pin c 
counter is taken to be 5 for the umphtnde 
comparison relay and 10 for the fault-locating 
relay. A higher setting for the latU-r is neces- 
sjiry to collect an adequate number of sasuples 
of fault-generated voltage compctnents in 
order to execute the algorithm, Tlte s'diing 
for the difference of voltages one cy<'le apart 
is chosen as 0.05 p.u. for both the relays and 
is based on the assumption that load fluctua- 
tions do not lead to voltage variations of more 
than 0.05 p.u. The actual value for this setting 
can be determined by conducting digital fault- 
simulation tests on the power system. 'Fhis is 
very simple and can easily be carried out 
within an intersampiing period. 


S. AMPLITUDE-COMPARISON RKLAYINtJ 
SCHEME 


3J. Principle of operation 

.After the occurrence of a fault, the voltiiges 
and currents at the relaying point, as at any 
other point m the pov;er system, can be re- 
garded as the sum of the prcf.cilt Bfv- fault- 
generated cornponont.s [110, 32}. The fault- 
generated components during the first whole 
cycle after the fault occurrence are used for 
relaying and are computed by the cycle-to- 
cycle compaoHon method projuised by Maun 
and Morrison jSl}. Although the fault data 
for testing algorithms are generated consider- 
ing frequency dependency of tlie Unc- para- 
meters and witliout (he a-ssumptiun that ihe 
line is transposed, the inputs to the relays :ire 
computed on the assumption of a perfectly 
transposed lino. To cater for aU tyjws of 
faults, tiiree relays, one tor each modi' of 
propagation, are used. The inputs to the 
relays are as follows: 


.Mode 1 

Mode 2 

S,‘‘’ ■■ »/,«' + ' 


(la) 


(lb) 


Mode S 


(Ic) 


where and are the niodat com- 

[lonents of the fault-gcnerateu componc‘nl,s of 
ihc phase voltages at the relaying point; 
q'*', j/*' and if'^ are the modal components of 
the fault gein ratr-d components ol the lii»e 
currents at the relaying poinf; 
and are the setfing re-sustar-ce*-. eou';. 

ri'spectiyely, Ui vvhat w'ould have iveen th; 
.surg<‘ inipetlanc't'.s of the three mode-i had I'c- 
line been !,os.siefis and perfectly trail, ipo.si i.. 
Tliat is, 

f )/{C\ • - 2C,„ ) { ‘ “ Cli 

and 

Hi'. - - + 1''„. I] ' • 1 

The propagation of travelling wave.s ai' 
voltages of each mode, upon the occurrence 
of a fault, is depicted in Fig. 1 for a fault 
ahead of the relaying point, and in Fig. 2 i‘*,r 
a fault behind the relaying poiul. It i.s w«-i! 
known that the current and voltage of eaih 
mode have the following relationship: 
for backward waves, 

for forward ivavos, 

c=+;^oi (3b I 

Accordingiv, the relay signals for each mo-Je 
for a few mici<’,‘i«‘co'i,b af*er the wavn. (lave 
reached ihe r<'luying point are given fo*" an 
internal fc-ult by 

8,--- ■ Kttl + 

and 

Sj=-p,Kf<i e (3 b I 

where Jvj is a factor which takes into acs ouui 
the effect of the fault resistance, klj* is the 
surge impedance of the mode conccfneU. t,. 
is the com^pondiiig nodal ('omponcnl ot 
the fauit-gem-rateii components of voltages a:, 
the fault puint, aud-ps ir. the reflection coeffi- 
cient at the relaying end of the line. Sintc- 
IpJ IS always less than unity under actual 
conditions, except when the relaying end is 
on open circuit, it can be seen that iSj! > 
Ib’ji. And. for a fault behind, the relay signals 
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l■'l^^. 1 Lalltco diagram for a fault uh^ad of tbt' n* 
laying point. 


t!’,t* lu«‘ throi.-pih a fitficr ('i'.ui*<i-l jin •■ijciut 
hi-4'ait.'‘r.^ at b(>t;> i>ikL>^ :in> SfiitjinJ. !'i .o ih- 
ovt-urawf o' 5*. fjudf, whotj-n-r '■sirfoa! f ‘ 
if;!f-.-nal, t.h<' triin’snult-t’f i, i.vvjtrhcfJ (,rf' irom 
nlh<‘t us<v., sf any. VViion tho (;i<i!( !.•> niion'S, 
lh(’ iriinsmitlof )& ^tarlod and a oarnor is jii-hi 
tu fJu* tdhfi' vnd. Hca'ii’t t>< «ao*.‘it'r from fin* 
olli*‘r ri.'d am! intiioatni'i of a faoil aluad nf 
th<' iooal riai indwafi* an ui'o-mal Ijuit. Uin*.' 
lai- n.ulL 1 ^ !)* mini, tlx- f.ra-i.-mif for s-, hl.-x ki- ' 
from h<*inj» .sfatUai ’UibHotj-it-ntiy by ihcbirk 
ward wavf'.s aomixs' fr m- tiu' fat. It innnt ami 
till- rt-nudi- i-tid aftf' rnfli-ci,. m. 



Kig 2. Laftict- diagram fora fault behind the relaying 
point. 

for a ft‘w microseconds after the waves have 
reached the relaying point are given for each 
mode by 

6’i * 0 (5a) 

and 

■Sj ■“ ~tl + p^ifKi{X + (00/ 

where is the reflection coefficietit of the 
adjoining line. Therefore, for an external 
fault, \Si[ < jSji. 

However, the modal components of volt- 
ages and currents are computed on the 
assumption of a perfei'iiy transposed line and 
therefore the relation.^ given in i>qm. (3) will 
not be satisfied exactly. Accordingly, the 
conditions ISj! - - iS^I > 0.05 p.u; and l&’ii - 
|K92i<“0.05 p.u. are used to indicate, re- 
.spoetively, a fault aiiead of the relaying point 
and a fault behmd it. If, at both ends of the 
line, the fault is found to hv ahead of the cor- 
responding relaymg points, then the fault is 
internal; otherwise, it is external, in the event 
of an internal fault, confirmed by an ex- 
change of information between the ends of 


B.2. Hf’luyin;; fit(’o>"Hhm 

Tb»' sxotl'jl '-unu'fxx-Mtf. (if th< V"n'i);'->' 
and f-urrunts an.- ;.;ivxn !i\ i;,’--' * ■ T,., 
and ' re.spi. -i-tivcK , nh m- 

T,„ is ilicvi-'i! U) be (in- Rurn-nba’if-r ir.x-.-; 
format n 'll matri,x; 

[1 

'i\- |i 2 

b ^ 

Thus, 

I I’ ^ 

T„, 1 -1 

1 0 

The computational (‘fforl ii. rt'duc<*U by 
computing the inodal component.-i without 
division by ;J; these are termed moilii'bni 
mixial eompofX'nts in this paper. fUmsequeiu 
ly, the type-of-fsvu!t detection criterui ixt- 
moilified a.s foIUnvs-. • 
for faults ahead of the relaying point, 

iSM - tS'ii ,.•> 0.15 

for faults behind the relaying point, 

--O.IB 

S, and are the mo(Sif?ed relay -npul.s 
evaluated with the modified modal ionpx.c 
nents of the voltages and currents. Wiil? this 
RUidifseation incorporated, the relaying algo 
rithm i.s as follows. 

Step 1. Calculate, by t.he cveh'-ttKiyeie 
comparison method, the fault -generated com- 
ponents of all the line vurrents for five sam- 
ple seta hackward.s from the set at which 




(b!>> 



2 .) 


tho fauit. aigorithni had yisldcd r- 

lugitral ‘yes’ outpuL 

St.t‘p 2. Calculatf the modified moda! coni- 
poiuMith of the fault-Renerated cooiiionenti 
of the phase voltages and hne currents foE Is'te 
earliest sample set first. 

Stfp 2. Calculate the modified inputs for 
ai! the modes. 

Step 4. Check if iS”,! - jS',! > 0.1 ft. K so> 
a fault aiiead of the relaying point lias oceur- 
red and, therefore, start the transmitter. Also, 
if carrier signal is received from lh(' other 
terminal, trip the circuit breaker, if not, 
proceed to the next step. 

Step 5. Check if tS',1 ~ IS’,! < "0.15. If so, 
a fault behind the relaying point has occurred. 
Thereforr*, block the possible starting of the 
transmitter subsequently by the backward 
waves coming after refletlion at the fault 
point and remote end of the line U nut, go 
to the next step. 

Step 6, Take the next sample set and go to 
Step 2. 

It can be seen that this algorithm is very 
simple and therefore, can be implemented 
even with a micropri)<'<‘ssor system. 


8 FATTt.T (,OCAT[.N(i nRl,.A Y SOHRib-; 

6. 1. Principle of operaiion 

This scheme is also composed t'f i.hri'-c 
relays, one for each mode of propagation, .and 
caters for at- types of '‘aulis. The input signal 
pairs to the relays arc tlic same as in the pre- 
vious scheme. In this scheme, the signal Sj of 
each mode is u.sed to deterd the forward 
waves. If !,S“i cxf'ei><is a preset Vuiu'- '.vht.h 
is taken a.s 0.175 p.u. 133| in this work, the 
internal fuuU-dcteciion program is bypassed 
and a transmitter, which sends information 
to the other terminal <»f the line to suspend 
the execution of the progfiim there, is stcried. 
For a fault iiehind, the first travelling waves 
reaching the relaying point arc forY'ard and 
therefore, as t;an be .seen i'ronii eqns. (5), 
[Sji oxceedr, the setting first mid desired 
operation en.sue.s. The program which Imple- 
mffnts this algorithm is U'fined the torw'ard- 
wave-detecUon program. 

11*301. t.he occurrence of an iniernai fault, 
the value of j&'ji increases, rsiindiy from zero 
to KfK'L + R^tlZQ}V{i\ at the instant when the 


■’i.svelling wev'-h reoch the t'ciaying point. For 
u ►lolteo fauit, i arui, with perfect match- 
ing hv'tvvet-n and Z,), 1 + = 2. 

l’nd£>r these idea* condition'-., !S;j will be 
tu 2jO{f(. As.suming that Ujj - Vjf,„ X 
sinioj,)( tpfif, the maximum .slope of ISjl in 
lietweim sudden .-ir rapid increa-se,; may be 
equal to 2cu,)Vom' fhe mst.ant when the 
wave.s reach tiu' rf'laying point for the first 
time IS determined by compufiit^ the slope of 
jA’ii and c-hecking if it i?, gi-e;ttc-r than 2cuo kVf , . 
Then, a signal i.s produced to block the start- 
ing of t'u' transmitter Kubsequenti'.’- by the 
forward waver There wil! ! a a scio.iJ .voivi 
increase m j5,i when h.ickward wnwa i-omc 
agavti from the fault point after ref'eiiticn 
[30), Th«' instant at v.'hitl. Ihr jd* re 

is determined when she frisi derivative cf 
esceedh The inclusion of .'i.,!!- 

due to th*'- fil'd th-;! die volMf’*- j'-o-nl 

magnitudes get reauced by Ihis factor v. h.ic 
I he backward waves reach the relaying p<*in: 
tbt' -.vt-'K d time (I'ls-* 1). The fifre' 
these wo iuuai-. v-'.in •.yi lUpUc.i wiir. (.r-s 
velocity of propagation, gives twice tm 
did-mce of the fault from the relaying eoi'it. 

b si '■ i r-i! . > f ■ f.U!’' OU’ ’ ’ '■C 

voltage, ttic- ai>ovo aigorivini, docs not work 
Tile procedure is then repealed with thf 
.'liinv." lives of ‘Fd and vi!', 'mg! 

■: AvU„ V i',„ und 2pgtOo' -bt .. i or detecting Ihi 
fir.st and second rapid increases. re.spectively 
in lii-c -asf of equal reflection coefficients »■ 
tiu' two cuds of the protocled line and a finil 
resi-stance equal to one ti-iif of the surge irn 
pedance of the line, there will not be a soronc 
<.und increase in tSji or in its fu'fet cier.vatiVi 
for a fault at the middh- of the line. Also 
for y ciose-in fault, the time interval betw'eei 
first and second rapid incsvasis vouk 
ne too short to be cyslnaled by this algo 
rithm. In liie former ca.se, a trip signal i 
issued after ihe first-derivative a.-u .'icond 
'terivative [irograma hine been gone through 
aiKi in the tatter case afier the detection o 
a rapid increase in eithf^r the first or sccun< 
derivative of i.Vjj over s certain number n 
consecutive sampling intenml?. The presen 
scheniG is «n fixten.sion oi' an analog .sc-hem. 
propo,sed by ihe authors f 30). 

6.2 Relaying algorithm 

Division by 3 in evaluating ti:*> mwla 
components of the voltages and currents i 


eliminated by using the modified inputs 
S' I and S '2 as in the previous scheme. Accor- 
dingly, the condition IS',] > 0.525 p.u. is 
used for each mode to detect the forward 
wavo.s reaching the relaying point first. The 
first and .second dt'rivatives of IS')! at any 
sampling instant t, are i mpuuci usir.r; the 
following numerical diffonmtiation formulae 
J341. 


d 

d7 




is'l.n 



At 


AS',., 


say 




2iS',.,i + is',.. 


{Atf 


AS'1.2 

'{Atf ’ 


say 


where S',., + „ S'l., and S',.. , are the modified 
signal inputs computed from (i + IHh, dh and 
{i "■ l)th sample sets of voltages and currents 
and At is the sampling interval. The fir.'t and, 
if necessary, the second derivatives are to i>e 
compuU'd repetitively, and hence it is imper- 
ative that the computational effort he re- 
duced. This is accomplished by modifying 
the criteria used to detect the first and set'ond 
rapid increases in jS',!, as AS',., > 6uJoV(,m X 
At and AS',., > epgCUoVfftnAt respectively, 
and the criteria to detect the first and second 
rapid increases in d(iS',|)/dt, as AS'i.2> 
6o3(i^VftmiAtf and AS'1.3 ^ 
respectively. Also, a rapid increase in iS'jj or 
<l(iS'jl)/df may span two or three consecutive 
sampling intervals, ,in which case the fault- 
location computation goes wrong. Tht.s dif- 
ficulty is surmounted by a suitable logic de- 
scribed in the algorithm given below. With the 
above modifications incorporated, the relay- 
ing algorithm is as follows. 


Step L Calculate, by the cycle-to-eycie 
comparison method, the fault-generated com- 
pon»mts of all the line currents for twelve 
sample sets backwanis from the sample set 
at which the fault-detectbn algorithm yielded 
the logi(;al output. The two extra sample 
sels are used to partly cover the interval 
immediately preceding the arrival of waves 
at the relaying point. 


SU‘P 2. ■ alfiilatc t.h(‘ modified modal (‘om- 
ponents of liu* faull-generuicd '.vsmponcnts of 
tiv '.■oltajf'.'s and <-um'nts. 

Step 3. '-.at Hilate the modiftrtl .signal inputs 
for all the mode.s aisd for all the .sample sets. 

i. (’heck if !.?'>! > 0.525 p.u, for each 
nunle. if is so fi'r any mode, stop further 
e-vecution of the relaying program at this end 
and '.tart the transnutter which sends informa’ 
iioe to 11' • ' liu-r <-no in order to stop ckocu- 
lion of th(.' relaying progriun th<‘r<* u!.eo or to 
blo<‘k (ripimig. if not. prt.>ceed further. 

Step 5. Calculate, for each mode, AiS'’,. , 
and rhec). it it if. gn'ater than A(. 

ff not, lake the next se! of mo/lifie vi inpul.s 
and execute Step 4. If st^ not go again to 
Step 4. r; ;. the tine' i'ounter to th,* value of 
the time corresponding to this sample set. 'I’he 
time counter sHting and rapid-increa.so detec- 
tion cnt< lion remain the same if the above 
condition is satisfied < v-er cons<icutiv<‘ sam- 
pling intervals. If this happens fin four con- 
secutive ■•.ample sets, an indication that the 
fault is close-in i.s output. Otherwi.se. changi- 
the rapid-inerea«' dtftection criterion to Up, X 
.4/. Wh'-i! the latter trondition i.s satis- 
fied, set the time ■ v>ui,Ler t.o the curre.A lime 
minus the previou-s .si'tting. Stop farther 
execution of the algonthni, compute the 
difilamu .4 .'id output this ^ uue as 

well as a logical 'ye-s’ for tripping. When ti'.is 
.step yieki.s no results, go u> the next step. 

Step d. Repeal the aigontl.nuc procedure 
of Step 5 with the .second derivatives '"d the 
signal liS'jl for each mode with the rapid- 
incre'as*' detection eritena of 6a5„^V',tm(A‘)^ 
and If thif; step also ils to 

yield a result, go to the next step. 

Step 7. Under thew conditions, the fault 
will he at the middie of the line. Oufuut an 
indication to this effei't. 


7. TESTING Of-' AhQOUlTHMS BY DPllTAL 
SIMULATION 

, In order to test the proposed algcrithnu, 
fault tlata are g€'nerate<l for a desired type 
of fault for two cycles, one pre-fault aitd one 
post-fault, by employing the digital simula- 
tion techniques descrilied in an earlier paper 
by the authors [30j. The amplitude-compari- 
son relaying algorithm is tested using the 
fault data computed for an internal fault at 
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the remote end (marked F,) of the protected 
line and for an external fault (at the point 
marked Fj) in the four-bus power system 
shown in Fig. 3. Each source is represented 
by an equivalent lumped-parameter model 
with phase inductances calculated from the 
fault level specified and neutral impedant.-e^ 
from an assumed ratio of of 0.5 at 

power frequency. All the lines are 128 km in 
length, A three-phase fault throng ] j a fault 
resistance of 100 £2 with a fault initiation 
angle of 0* is considered. The quantity iS'tl — 
liS'jl is calculated for each mode and the 
results are given in Figs. 4 and 5. The fault- 
locating algorithm is tested using the fault 
data evaluated for a single line-to-ground fault 
on phase a at the remote end of the protected 
line of 200 km in length in the power system 
shown in Fig, 6. In this case, the sending-end 
(SF> and receiving-end (RE) sources are con- 
sidered to be composed solely of transmission 
lines and cables and to have net surge impe- 
dances equal, respectively, to 1/0 and 1/4 of 
the power frequency surge impedance of the 
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Fig, S, A fo4ir-bus sample power system* E.F, « rt- 
laying point; values in units of OVA refer to short- 
eitenit levels. 



Pig* 4. Thi^e^phise interna! fault: ll|»» 100 U and<po 
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Fig. 5. Three phase external fault: R* - 100 S 2 and 
^^0 ^ 0'^ 



Ftg. S, A transmission line iniereoimeetmg two 
power systems. 

protected line. A fault resistance of 100 12 
and a fault initiation angle of 30° are consi- 
dered. The signals |S',! arid fS'jl are computed 
and the results are given in Figs. 7 and 8. Jn 
both the sample power systems considered, 
cift.h U&mmk&km hoe is a tjfpwral 400 kV 
quad-conductor single circuit ol untransposed 
construction. An earth resistivity of 100 S2 m, 
sn>'5 frequency dependency of all line and 
earth parameters are assumed. The remaining 
data for each tine are those given in Table i 
of ref. 30. The sampling interval is taken to 
be 200 (is and the peak value of the pre- 
fault volts^e at the fault pomt is assumed 
to be 1.0 p.u. 



Pig. 7. Single-phffse !iw-to-gro»ad imtt um phase A. 
itf » 100 n and = aCi". 
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Fig. 8 Singlf-phase line-to-gi-ound fault on phas*- A. 
H{- 100 il and tfio ■'• Si!". 


Using the fault data, the fault-detection 
and relaying programs were run on the DEC 
1090 computer system at t!ie Indian Institute 
of Technology, Kanpur. In both cases, llu' 
CPU time was found to be less than 1 ms. 
However, eight sample sets in the first stsheme 
and fourtwn in the second were required 
to detect the fault. So, the total time of 
operation was about 8 X 0.2 + 1 = 2.6 ms in 
the first « ase and 14 x i 1 ■ ms in 
the second. Since the object of the paper 
was only to test the algorithms, only one type 
of fault is considered in ear-h casts 


8. CONCLUSIONS 

'The digital KimiiLtioii carried out cii 

the two new digita* travelling- wave algorithms 
proposed in this paper established their feasi- 
bility. The heart of these digital schemes is 
the fault -dett'ction algorithm, which is quite 
simple. With this fault-detection algorithm, 
not only the relaying algorithms employed 
in this paper, but also the analog travelling- 
wave relay schemes! proposed by others 133, 
35, 36) can easily be implenrented digitally. 
There being no need for any filtering, the 
travelling-wave relay algorithms arc superior 
both in terms of accuracy as well as speed, 
and therefore will ultimately supplant the 
digital algorithms in the digital protection of 
transmission lines. 


NOMENCLAf'tRK 

C„ C„ self and mutual <'apaciiance.‘; of line 

Lm. f'f-tf and mutual induebmees of line 

ft".,., relay setting resistance 

.S,, S'j relay input signals 

At sninpling interval 

iimpUtueie of fault-generated com- 
prmunt of voltage at fault })oinl 
Cj, If fault-generated components oi volt- 
and current 

surge impedance of Hue 
p reflectitm coefficient 

<p„ fault initiation angle 

0 U{, HI niina! system angular frequency 

Superscripts 

1, 2, 3 <'omponents of modes 1, 2, 3 
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